Mn 4+ -activated phosphors are a new class of non-rare earth phosphors and are alternative to commercial Eu 2+ -activated nitride/oxynitride phosphors with growing interest in various applications. In this review article, the structural and photoluminescence (PL) properties of various Mn 4+ -activated phosphors have been discussed. The host materials considered here can be roughly classified into five groups; fluorides, oxides, oxyfluorides, and two fluorine compounds. Phosphors of each group can also be classified into totally eleven subgroups from their different PL spectral features, e.g., whether an appearance of the zero-phonon line (ZPL) emission peak or not. The ZPL emission and absorption energies of the Mn 4+ ions have been determined from the PL and PL excitation spectra using the Franck−Condon analysis method within the configurational-coordinate (CC) model. These results are used to obtain reliable phosphor parameters, i.e., the crystal-field (Dq) and Racah parameters (B and C), of the Mn 4+ ions in the various host materials. The PL intensity vs temperature data, together with those of the luminescence lifetimes, are modeled on the basis of the CC model, and an excellent agreement has been achieved if not only the optical phonon but also the acoustic phonon contribution is taken into consideration in the conventional thermal quenching model. Effects of the hydrostatic pressure and dopant concentration on the PL spectral features are also discussed. Finally, key properties of the Mn 4+ -activated phosphors are discussed for use of such red and deep red-emitting phosphor systems in warm w-LED and indoor plant cultivation applications. Figure 1a shows the influence of the crystal field on the energy levels of the 3d n system obtained based on the Tanabe−Sugano energy-level diagram. 12, 13 The optical properties of some transition metal ions (Mn 4+ , Cr 3+ , V 2+ , etc.) with 3d 3 (n = 3) configuration have been investigated in terms of this type of energy-level diagram with considerable success. The parabolic bands in Fig. 1b are schematically shown based on the configurational-coordinate (CC) model with 4 A 2g as the ground state. The PL and PL excitation (PLE) spectra in Fig. 1c correspond to those for Mn 4+ -activated "oxyfluoride" phosphors, Cs 2 WO 2 F 4 :Mn 4+ (left-hand side) and magnesium fluorogermanate (MFG):Mn 4+ (righthand side), obtained at room temperature (see Table V below) . The readers can also find the same energy-level diagrams and schemes as ) unless CC License in place (see abstract). ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 60.112.8.70
Over the past decade, white light-emitting diodes (w-LEDs) have been extensively employed because of their lifespan many times longer than equivalent incandescent lamp and significantly more efficient than most fluorescent lamps. However, the conventional w-LED devices with a yellow Y 3 Al 5 O 12 (YAG):Ce 3+ phosphor excited by a blue InGaN chip suffer from a high correlated color temperature (CCT > 6000 K), and a low color-rendering index (CRI < 80) because of a lack of the red light component.
Addition of a red-emitting phosphor to such a cold w-LED device is a method to overcome its problem. 1, 2 Searching for new red-emitting phosphors or those containing a red emission component has, therefore, become an important approach to the realization of warm w-LED applications. Apart from this, about 15 years ago the present author stated to investigate synthesis method of visible light-emitting porous Si layers on the Si(100) substrates by chemical etching in a HF solution with the addition of oxidizing agents, such as KIO 3 , 3 I 2 , 4 FeCl 3 , 5 and H 2 O 2 , 6 under Xe lamp illumination (i.e., photochemical etching). The synthesized porous Si layers were in thin film with a few μm thickness and yellowish color. Such porous SI layers were emitted a broad-band orange light under UV excitation. [3] [4] [5] [6] Strangely, an oxidizing agent KMnO 4 produced only a yellowish fine particle, but not any thin porous Si film, on the Si(100) surface, regardless of Xe lamp illumination or not. 7 Photoluminescence (PL) measurements under UV excitation of such yellowish particles resulted in a very strong red emission with atomic-like spectrum. Subsequent chemical and X-ray diffraction (XRD) analyses suggested that such yellowish particles are Mn 4+ -activated hexafluorosilicate salt, K 2 SiF 6 :Mn 4+ , given by the following chemical reaction: 8, 9 6HF + 2KMnO 4 + (1 − x) Si → K 2 (Si 1−x Mn x ) F 6 + (2 − x) MnO 2 + 3H 2 O + 1 2 (2x + 1) O 2 [1] In Eq. 1, K 2 (Si 1−x Mn x )F 6 represents the K 2 SiF 6 :Mn 4+ red-emitting phosphor. Some manganese oxides as the fate of surplus Mn were completely removed by rinsing in organic solvents. The electronic configuration of Cr 3+ (3d 3 ) is the same as that of Mn 4+ and enables to emit red light when it was efficiently doped into some fluoride and oxide host materials. 10 From an analogy to K 2 SiF 6 :Mn 4+ synthesis using KMnO 4 oxidation agent solution, we z E-mail: adachi@gunma-u.ac.jp tried to synthesize Cr 3+ -activated K 2 SiF 6 phosphor by chemical etching of Si using a K 2 Cr 2 O 7 oxidation agent solution, but still have not yet succeeded at present. (Only a stain-etched Si layer emitting a broad yellow light at ∼ 1.9 eV was formed on the Si substrate immersed in the HF/K 2 Cr 2 O 7 mixed solution.) Ruby laser uses a synthetic ruby (Al 2 O 3 ) doped with Cr 3+ . Because of an extremely bright red emission from K 2 SiF 6 :Mn 4+ phosphor, we also tried to fabricate K 2 SiF 6 :Mn 4+ laser by optical pumping, but still have not yet succeeded at present. Instead of laser fabrication, however, we succeeded in a micronization of K 2 SiF 6 :Mn 4+ powder by pulsed laser irradiation in liquid with its particle size from ∼ 110 μm to ∼ 2 μm. 11 After publishing the above literature, 7, 8 various Mn 4+ -activated fluoride and oxide phosphors have been extensively investigated for developing a new phosphor material, a new synthesis method, deep understanding red-emitting phosphor properties, and applying to warm w-LEDs and others. 1, 2 New Mn 4+ -activated red-emitting phosphors based on "oxyfluoride" and "fluorine" compound hosts have also been demonstrated to meet the efficacy and color-quality targets of future warm w-LDE devices.
The purpose of this review article is to report the structural and PL properties of various Mn 4+ -activated phosphors using the different host materials, such as fluorides, oxides, oxyfluorides, and some fluorine compounds like BaNb(OH) 1.5 F 5.5 and NaHF 2 . Key properties of the various Mn 4+ -activated phosphors for use in research works and a variety of red and deep red-emitting phosphor applications are also discussed in this review article. in Fig. 1 , but for the Mn 4+ -activated "fluoride" and "oxide" phosphors in Fig. 1 of Refs. 1 and 2, respectively.
Various phosphors activated with Mn 4+ ions show a series of relatively sharp emission lines or several broad emission bands in the red to deep red spectral region (at ∼600−750 nm; see, e.g., Fig. 4 below) . Such sharp emission lines or broad emission bands are attributed to the Stokes and anti-Stokes 2 E g → 4 A 2g transitions in Mn 4+ . At low temperatures, only the Stokes 2 E g → 4 A 2g emission lines or broad emission bands have been observed as relatively strong lines or bands. This is in direct contrast to the case of optical absorption or excitation transitions in the PLE spectra, where the anti-Stokes transition peaks have never been observed regardless of temperatures low or high (see, e.g., Figs. 2 and 3 below). Note that the 4 A 2g ↔ 2 E g transitions are both parity and spin forbidden, but gain their intensities with activation by the lattice vibrations and, as a result, become observable. 1, 2 Because the 4 A 2g ↔ 2 T 1g emission and absorption transitions are both parity and spin forbidden, any clear 2 T 1g -related optical transition peaks cannot be clearly observed in PL or PLE spectra of many Mn 4+activated phosphors. In that case, the origin of the 2 T 1g state cannot be definitely determined from any optical spectra, but is inferred to lie at ∼ 0.1 eV above the 2 E g origin. 1, 2 Such an energy proximity relationship promised that the 4 A 2g → 2 T 1g absorption peak should nearly coincide in energy with the 4 A 2g ↔ 2 E g transition peaks, so the 2 E g → 4 A 2g red emission intensity in the Mn 4+ -activated phosphors can be enhanced by the 4 A 2g → 2 T 1g absorption transitions followed by an electron charge transfer from 2 T 1g to 2 E g ( 2 T 1g → 2 E g ) (Fig. 1b) .
The remarkably strong absorption band may come from the spinallowed 4 A 2g → 4 T 2g excitation transitions (Fig. 1c ). The subsequent higher-lying excitation transitions 4 A 2g → 2 T 2g are both parity and spin forbidden. A peak due to such parity-and spin-forbidden absorption transitions of 4 A 2g → 2 T 2g has not been clearly observed in many Mn 4+ -activated fluoride phosphors. 1 In the oxide phosphors, however, the parity-and spin-forbidden 4 A 2g → 2 T 2g transitions have been sometimes observed in the spectral region between the 4 A 2g → 4 T 2g and 4 A 2g → 4 T 1g,a ( 4 F) transitions as a clear band or a bump in the lower energy part of the 4 A 2g → 4 T 1g,a excitation transition band tail. 2 As we will see later, the Mn 4+ -activated oxyfluoride phosphors exhibit the optical properties of either "fluoride" or "oxide" phosphor type. The PLE spectra in Fig. 1c are representative of the "fluoride-type" (Cs 2 WO 2 F 4 :Mn 4+ ) and "oxide-type" oxyfluoride phosphors (MFG:Mn 4+ ).
At energies above the 4 A 2g → 4 T 1g,a transitions, another excitation transitions, such as 4 A 2g → 2 A 1g , 4 A 2g → 2 T 2g , 4 A 2g → 2 T 1g , and 4 A 2g → 4 T 1g,b ( 4 P), occur in various phosphor materials. [12] [13] [14] A charge-transfer band (CTB) can also be observed in such higher energy region. As a result, one observes the PLE peak above the 4 A 2g → 4 T 1g,a transitions as a very broad absorption band with several kinks in the oxide and oxide-type oxyfluoride phosphors (see Figs. 4c−4f below). On the other hand, most of the fluoride and fluoride-type oxyfluoride phosphors show only a well-separated single, broad peak or band in this spectral region (< 5.5 eV; see PLE spectrum of Cs 2 WO 2 F 4 :Mn 4+ in Fig. 1c ). Note that such higher-lying excitation states located above 4 T 1g,a are very hard to distinguish from each other and, therefore, we marked those excitation or absorption transition bands simply by 4 T 1g,a ( 4 A 2g → 4 T 1g,a ) and 4 T 1g,b /CTB ( 4 A 2g → 4 T 1g,b /CTB) in Fig. 1b . Such complex or multiple band structure has never been observed in any fluoride, 1 fluoride-type oxyfluoride, or fluorine compound phosphors (see PLE spectra in Figs. 4a, 4b, 4g , 4h, 4j, and 4k below).
PL and PLE spectral analysis based on the CC model.-CC
model.-The Franck−Condon analysis with the CC model can be used to explain the optical properties of solids. Here, the optical energies of absorption and emission lines in the CC model can be written as 1, 2, [15] [16] [17] hν ex = E ZPL + khν p,ex [2] hν em = E ZPL − lhν p,em [3] where h is the Planck constant, hν p,ex and hν p,em are the lattice vibronic quanta for the excited and ground states, respectively, and k and l are positive integers. The experimental absorption and emission bands can be regarded as envelopes of numerous lines; each is due to a transition between one vibrational level, k, of the excited electronic state and one vibrational level, l, of the ground electronic state. Some of the optical spectra have a vibrational oscillation structure that makes it very difficult or, in a case, easily to exactly determine the zero-phonon line (ZPL) energy. An expression for the spectral [4] with I ex n (n) = I ex 0 exp(−S) S n n! [5] where σ ex is the broadening energy of each Gaussian component, I ex 0 is the ZPL intensity, and S is the mean local vibrational number (Huang−Rhys factor) defined by the Poisson statistics. The horizontal bars in Fig. 1c show the results calculated using Eq. 4 at the four different excitation absorption bands in the PLE spectrum. An expression of the emission spectrum is given by almost the same form as Eq. 4: [6] where I em n (n) and σ em have similar meanings as in Eq. 4. Equation 6 has explained the peculiar luminescence spectra observed in various semiconducting and insulating materials. [18] [19] [20] [21] Temperature dependence of optical spectra.-In principle, the temperature dependence of the PL intensity can be given by 4, 6 i |M i | f 2 (E ZPL ∓ hν i ) 4 n i + 1 2 ± 1 2 [7] with n i = 1 exp (hν i /k B T ) − 1 [8] where c is a proportionality constant, |< i |M i | f >| is an optical transition operator ( i = initial state; f = final state; M i = momentum matrix element), k B is the Boltzmann constant, and ν i is the lattice or local vibration frequency in a crystal or a complex with lattice vibronic mode i. The upper and lower signs in Eq. 7 correspond to the "Stokes" and "anti-Stokes" processes, respectively, and n i is the Bose-Einstein occupation number given by Eq. 8. Summation of the Stokes and anti-Stokes components in Eq. 7 simplifies I PL (T ) = I 0 1 + 2 exp (hν/k B T ) − 1 [9] where ν is the appropriately weight-averaged frequency of ν i [in the case of fluoride (oxide) phosphors, Mn 4+ ions are in the MnF 2− 6 (MnO 8− 6 ) octahedron and thus ν i = v 3 , v 4 , and v 6 ; see "Vibration Frequencies of Mn 4+ Ion in the Octahedron Molecule" below]. Here, values of ν can be determined from the best-fit procedure with the experimental data. Introducing the conventional thermal quenching model into Eq. 9, we finally obtain an expression of I PL (T) by
where E qi is the thermal quenching energy defined by each event i.
Racah and crystal-field splitting parameters.-General model.-
The Racah parameters B and C can describe the effects of interelectronic repulsion. The sequence of the energy levels is then determined by the symmetry of ion sites, by the crystal-field strength 10Dq, and by B and C. Determination of the crystal-field parameter Dq and some ZPL energies makes possible to estimate the Racah parameters B and C for Mn 4+ ions in various host materials using the relation 22, 23 
where E T is the difference in the ZPL energies of the 4 T 1g , a and 4 T 2g states and E E is the ZPL energy of the 2 E g state. These quantities are given by [14] with E ( 4 A 2g ) ZPL as a reference level (i.e., 0 eV). The crystal-field parameter Dq can also be written as
The E( 4 A 2g → 4 T 2g ) ZPL and E( 4 A 2g → 4 T 1g,a ) ZPL terms in Eq. 13 correspond to the first and second excitation bands usually observed at the peak wavelengths of ∼460 and ∼360 nm in various Mn 4+ -activated fluoride phosphors, respectively. 1 The E( 2 E g → 4 A 2g ) ZPL term in Eq. 14 defines the ZPL energy of red emission (E ZPL in Eqs. 3, 6, and 7). Such ZPL energies are known to depend on both the lattice temperature (Refs. 9 and 24; see also "Effects of Temperature on PL Spectral Feature" below) and pressure (Refs. 24 and 25; see also "Effects of Pressure on PL Spectral Feature" below).
Advanced model for Racah parameter determination.-It should be noted that the ZPL energy of the 2 E g state can be relatively easily determined from experimental PL spectra. However, those of the higher-lying excited states like 4 T 2g , 4 T 1g , a , and 4 T 1g , b are very difficult to exactly determine from experimental PLE spectra. The main reason for this is due to the complex nature in such excitation spectral region. Therefore, a peak energy of each excitation band was previously regarded simply as its "ZPL" energy. 26 Then, E T in Eq. 13 can be written as [16] where E ( 4 T 2g ) and E ( 4 T 1g,a ) represent the peak energies of the 4 A 2g → 4 T 2g and 4 A 2g → 4 T 1g,a excitation transition bands, respectively. The above and 4 A 2g → 4 T 1g,b transition energies can be written approximately as [19] with S i given in Eq. 5. Equations 17−19 give good approximations in obtaining peak energy of each excitation band from its ZPL energy, or vice versa, in estimating ZPL energy from its peak energy of each excitation transition band. 2 Let us consider an error in the crystal-field and Racah parameter determinations using E ( 4 T 2g ) and E ( 4 T 1g,a ), instead of using E( 4 T 2g ) ZPL 
An error of E T can then be given by δ E T = (S 1 − S 2 )hν p,ex . The Racah parameters B and C are calculated using Eqs. 11 and 12. We must note, however, that the spin-forbidden 4 A 2g → 2 T 2g transitions take place at energies near or below the 4 A 2g → 4 T 1g,a [E( 4 T 1g,a ) ZPL ] transitions (see, e.g., Fig. 1c ). The intensities of these forbidden transitions in various Mn 4+ -activated fluoride phosphors (Ref. 1) were observed to be much weaker than those in the oxide phosphors (Ref. 2) From an analogy to the oxide phosphors, we can also expect an overlap of the spin-forbidden 4 A 2g → 2 T 2g component with the 4 A 2g → 4 T 2g and 4 A 2g → 4 T 1g,a components even in the various fluoride phosphors. The 4 A 2g → 4 T 1g,a [E( 4 T 1g,a ) ZPL ] energies in the oxide phosphors can, therefore, be more exactly determined by considering not only the E( 4 T 2g ) ZPL -and E( 4 T 1g,a ) ZPL -related components but also the parity-and spin-forbidden E( 2 T 2g ) ZPL component (see its contribution represented by the green horizontal or vertical bars in Figs. 1c, 4c−4f, etc.).
In the fluoride phosphors, it is very difficult to reasonably separate the E( 4 T 1g,a ) ZPL component from the E( 2 T 2g ) ZPL one by the conventional best-fit procedure as used in the oxide phosphors. Therefore, we must carry out a correction of the E( 2 T 2g ) ZPL transition component in the ZPL energy determination of the 4 A 2g → 4 T 1g,a [E( 4 T 1g,a ) ZPL ] transitions for the fluoride phosphors in the following manner and using a value of E( 4 T 1g,a ) ZPL,m , instead of E( 4 T 1g,a ) ZPL , in the Racah parameter determination from Eqs. 11 and 12: E ( 4 T 1g,a ) ZPL,m = E ( 4 T 1g,a ) ZPL + mhν p,ex [22] The index value m used in Eq. 22 is 4 for I x −IV y −F x+4y (x = 2, y = 1) "fluoride" phosphors (K 2 SiF 6 :Mn 4+ , Cs 2 GeF 6 :Mn 4+ , etc.), otherwise 5 (Table II) . The reason for the smaller m ( = 4) value in the former phosphors comes from the fact that the MnF 2− 6 octahedron in this type of phosphors is more highly symmetric and/or lowly distorted than those in the other phosphors like KTeF 5 :Mn 4+ [I x −IV y −F x+4y (x = 1, y = 1); see Table II] and Cs 2 KAlF 6 :Mn 4+ [I x −III y −F x+3y (x = 3, y = 1); see Table II ]. 1 In the present article, the best-fit analyses of the PLE spectra for the oxide phosphors were performed with properly taking into account the effects of the parity-and spin-forbidden 4 A 2g → 2 T 2g transition contribution (see its contribution represented by the green horizontal bars in Fig. 1c ). Such fit-determined E( 4 T 1g,a ) ZPL values were then inserted into Eqs. 11 and 12 in the Racah parameter determination of the oxide phosphors (i.e., m = 0 in Eq. 22). For the "oxyfluoride" phosphors, a group of the fluoride-type phosphors were regarded as the fluoride ones and therefore we put m = 5 into Eq. 22, whereas a group of the oxide-type phosphors were regarded as the oxide ones and therefore we put m = 0 into Eq. 22.
Representative Red-Emitting Phosphor Properties: K 2 SiF 6 :Mn 4+ K 2 SiF 6 :Mn 4+ is a representative phosphor system for better understanding the Mn 4+ -activated phosphor properties in the red spectral region. 8, 9 Figure 2a shows the PL and PLE spectra of K 2 SiF 6 :Mn 4+ in the 1.5−5.5 eV spectral region measured at T = 300 K. 9 The PLE spectrum in Fig. 2a exhibits the three broad excitation bands peaking at ∼ 2.7, ∼ 3.5, and ∼ 4.8 eV, together with several sharp excitation lines at energies very close to the red emission peaks at ∼ 2.0 eV. The ZPL energies of the higher-lying absorption bands, 4 A 2g → 4 T 2g , 4 A 2g → 4 T 1g,a , and 4 A 2g → 4 T 1g,b , are marked by the vertical arrows in Fig. 2a . These higher-lying absorption bands correspond to the anti-Stokes transitions, i.e., those observed at transition energies higher than their ZPL energies. In the 4 A 2g ↔ 2 E g transition region, an almost mirror image relationship can be found between the Stokes and anti-Stokes PL transitions and also a mirror image relationship between the Stokes PL and anti-Stokes PLE transitions. Figure 2b shows the same results as in Fig. 2a , but at T = 20 K. 9 The low-temperature PL spectrum reveals very sharp emission lines on the Stokes spectral region; however, no remarkable PL peaks can be found in the anti-Stokes spectral region. A unique feature is also observed in the PLE spectrum at 20 K. This is an appearance of the multiple-peak structure in the first excitation band of 4 A 2g → 4 T 2g . Such multiple-peak structure has never been observed in the second or other higher-lying excitation transition bands like 4 A 2g → 4 T 1g,a , and 4 A 2g → 4 T 1g,b . 1 The multiple-peak energy separation is about 65 meV. We also note that any multiple PLE peak structure has never been observed in all the Mn 4+ -activated oxide phosphors at any kind of the excitation bands with any temperatures from cryogenic to higher than 300 K. 2 The inset in Fig. 2b shows Fourier transform (FT) spectrum obtained using the Hamming window function for the PLE spectrum with a peak at ∼2.7 eV ( 4 A 2g → 4 T 2g ; T = 20 K). 9 The FT analysis was performed by integrating Eq. 5 of Ref. 9 from T 1 = 2.65 eV to T 2 = 3.20 eV. The FT amplitude spectrum was plotted against 1/t, i.e., in units of energy. We can see a peak at 1/t ∼ 65 meV, in agreement with the energy separation of ν 2 ∼ 65 meV observed in Fig. 2b . The peak at 1/t ∼ 33 meV is the second harmonic of the main peak at ∼ 65 meV. The FT analysis indicates that the clear multiple peaks observed in the 4 A 2g → 4 T 2g transition region are produced by the ν 2 -assisted excitation process in the MnF 2− 6 octahedron. A Jahn − Teller effect in the 4 T 2g state is the major source of the intensity of the observed ν 2 progressions. 27,28 Figure 3 shows the exponential and linear-scale PL spectra of the K 2 SiF 6 :Mn 4+ phosphor in the 4 A 2g → 2 E g transition region at (a) T = 300 and (b) 20 K. 9 The PLE spectra observed in this spectral region are also shown in Fig. 3 . Each PL (PLE) peak corresponds to that activated by the local vibronic modes (ν i ) of the MnF 2− 6 octahedron in K 2 SiF 6 . Many vibronic combination modes of the internal vibrations like ν 3 +ν 6 and ν 3 +ν 4 have also been clearly observed at 300 K with energies lower (Stokes) and higher than the ν 3 sideband (anti-Stokes) emission line in Fig. 3 (see details in Ref. 8) . Because of the extremely weak nature, the anti-Stokes peaks can be not clearly identified on the linear PL spectra at 20 K in Figs. 2b and 3b. This is because the PL intensity of the anti-Stokes sideband peak is simply proportional to the phonon occupation number n i (T → 0 K, n i → 0), but that of the Stoke sideband peak is proportional to (n i + 1) (see Eq. 7).
Interestingly, the Stokes and anti-Stokes PL peak intensities in the vibronic combination regions [< 1.9 eV (Stokes) and > 2.1 eV (anti-Stokes)] are very weak, but the anti-Stokes PLE intensities are very strong (see PLE spectra in Fig. 3 ). The relatively strong anti-Stoke PLE peaks at such vibronic combination region of > 2.1 eV can also be clearly observed in the linear plots of Fig. 2 . The general quantum theory promises that higher perturbation process may have lower transition probability. Evidently, the "vibronic combination" process is higher perturbation process than the "single-phonon" process of ν 3 , ν 4 , ν 6 , or others. Thus, the results in Figs. 2 and 3 are inconsistent with this simple quantum-mechanical consideration. Further study needs to make clear this problem.
Classification of Mn 4+ -Activated Phosphors from Different PL Spectral Features
Firstly, we classify the various Mn 4+ -activated phosphors everreported from an aspect of different kinds of the host materials into five groups: (i) fluorides, (ii) oxides, (iii) oxyfluorides, (iv) hydroxy fluoride, and (v) alkali bifluoride. From different PL spectral features, we can also classify such five phosphor groups into eleven subgroups: Phosphors of type O-A promise to observe PL spectra with clearly resolved Stokes and anti-Stokes components on the lower and higher photon-energy sides of the ZPL emission peak, respectively, caused by the 2 E g → 4 A 2g transitions in Mn 4+ (Figs. 4c and 4d ). This fact makes easy to identify the ZPL peak position from the measured PL spectra at room and/or cryogenic temperatures. Like types F1 and F2 phosphors, the difference in types O-A1 and O-A2 phosphors comes from whether the ZPL emission peak cannot be easily observed (type O-A1; Figs. 4c and 5c) or clearly observed in PL spectrum at room temperature (type O-A2; Figs. 4d and 5d ).
The second subgroup, called type O-B phosphor, in the Mn 4+activated oxide phosphors is that exhibiting no clear fine peak structure in a PL spectrum caused by the ZPL emission and/or its sideband Fig. 4 , but those only for the PL spectra were plotted against the difference in energy from each ZPL emission peak (vertical arrow).
peaks. As a result, its PL spectrum can be characterized only by a single broad emission band, which is usually asymmetric with emission intensity decreasing more steeply on the higher photon-energy side (Figs. 4e and 5e). Because of such unique PL spectral feature of type O-B phosphor, it is very hard or impossible to estimate an exact ZPL emission energy in this type of oxide phosphors. Therefore, we assume that the PL spectral feature can be characterized by the Franck−Condon model of Eq. 6. The vertical bars in the PL spectrum of Fig. 4e show such Franck−Condon model analysis using Eq. 6 with assuming an energy of hν p,em ∼ 40 meV. The ZPL energy, E ZPL = E( 2 E g ) ZPL ∼ 1.890 eV, obtained for this analysis is marked by the vertical arrows in Figs. 4e and 5e.
The third subgroup, called type O-C phosphor, is that exhibits a multiple-peak (or a multiple-step) structure in a PL spectrum with intensity tail along the higher photon-energy side (Figs. 4f and 5f). Unfortunately, no any PL measurement at a cryogenic temperature on a type O-C phosphor has been performed until recently. This fact makes impossible or very difficult to identify the ZPL emission energy in this type of phosphors. 2 However, recent PL measurements by Qin et al. 38 (Wu et al. 39 ) from T = 10 K (80 K) to higher temperatures than 300 K made possible which peak comes from or is the origin of the ZPL emission transitions (see Fig. 18i below).
The oxyfluoride phosphors can be classified into two subgroups, types OF-A and OF-B. The former phosphor promises to observe PL spectrum that is resemble of type F1 or F2 fluoride phosphor, whereas the latter one gives that is of O-A1 or O-A2 subgroup phosphor (type O-A phosphor). It should be noted that type OF-A phosphor, which is of the fluoride type, can be characterized by the well-resolved ZPL emission peak with a series of several sharp vibronic sideband peaks rather than a broad PL band. On the contrarily, type OF-B phosphor, which is of the oxide type rather than of the fluoride type, can provide a broad PL band rather than a series of the sharp emission peaks (see Figs. 4g-4i, 5g-5i; see also Fig. 1c ). The difference in types OF-A1 and OF-A2 comes from whether the ZPL emission peak cannot be easily observed (type OF-A1; see Figs. 4g and 5g) or clearly observed in PL spectrum when measured at room temperature (type OF-A2; see Figs. 4h and 5h).
The luminescence properties of BaNb(OH) 1.5 F 5.5 :Mn 4+ (type HF) and NaHF 2 :Mn 4+ phosphors (type AB) in Figs. 4 and 5 resemble those of the fluoride phosphors rather than of the oxide ones. Thus, the PL spectra from such phosphors can be characterized by a sharp ZPL emission peak with a series of its sharp vibronic sidebands. Such PL spectral feature can be easily recognized in Figs. 4k and 5k (NaHF 2 :Mn 4+ ).
As briefly mentioned before, the PLE spectral feature in the spectral region below ∼ 4 eV of the fluoride type can be fitted only by the wellresolved and nearly symmetric excitation transition bands, namely, the 4 A 2g → 4 T 2g and 4 A 2g → 4 T 1g,a transition bands ( Fig. 4a ). On the other hand, those of the oxide type require the additional spin-forbidden transition band, A 2g,b → 2 T 2g , between the lowest ( 4 A 2g → 4 T 2g ) and second lowest ( 4 A 2g → 4 T 1g,a ) spin-allowed excitation transition bands (Figs. 4c-4f). Since phosphors of OF-Al, OF-A2, HF, and AB types fall in a type of the fluoride phosphors, their PLE spectra can be fitted by considering only the two broad excitation transition bands, 4 A 2g → 4 T 2g and 4 A 2g → 4 T 1g,a , in the spectral region below ∼4 eV (Figs. 4g, 4h, 4j, and 4k).
It should be noted that a sharp multiple-peak structure caused by the Poisson statistics in Eq. 4 is clearly observed only for the fluoride phosphors and at cryogenic temperatures, but not at room temperature ( Fig. 2 ). Thus, some oscillatory structures in the PLE spectra at room temperature of Figs. 4g, 4h, and 4k are understood to be exogenously produced by a Xe-lamp excitation source used in such PLE experiments. 1, 2 
Vibration Frequencies of Mn 4+ Ion in the Octahedron Molecule
Luminescence from Mn 4+ ions could be activated only in the octahedral site of the host lattice. An octahedron molecule like MnF 6 (MnF 2− 6 ) or MnO 6 (MnO 8− 6 ) has 3N − 6 = 15 (N = 7) normal vibronic modes with six coordinates required to describe the translational and rotational motions, and its crystallographic symmetry properties promise having six independent frequency modes ν i from i = 1 to 6. 40, 41 In Table I, The IR-active (ν 3 and ν 4 ) and silent vibration frequencies (ν 6 ) can in principle be determined from analyzing PL spectra, whereas the Raman-active ν 1 , ν 2 , and ν 5 frequencies are obtained from Raman scattering measurements. The PL spectra for all types of the Mn 4+activated phosphors discussed in "Classification of Mn 4+ -Activated Phosphors from Different Luminescence Properties" are plotted in Fig. 5 against the differences in energy from the ZPL emission peak [ E in meV (lower axis) and ω in cm −1 (upper axis)]. 8, 20, [29] [30] [31] [32] [33] [34] [35] [36] [37] As expected, the Stokes νi (i = 3, 4, and 6) energies are almost the same as the anti-Stokes ones. It is understood from Fig HF, and AB. The dashed lines on the left-hand side of Fig. 5 indicate their Stokes ν 3 , ν 4 , and ν 6 frequencies listed in Table I . Figure 6 shows our measured Raman spectra in the (NH 4 ) 2 MF 6 :Mn 4+ phosphors with M = Si, Ge, Sn, and Ti at 300 K. 42 A pair of ν 1 , ν 2 , or ν 5 peak can, in principle, be observed in the Raman spectra. For example, we can find two ν 1 peaks at ∼ 650 and ∼ 595 cm −1 in (NH 4 ) 2 SiF 6 :Mn 4+ of Fig. 6a . The former and latter peaks correspond to the ν 1 vibronic mode of the SiF 2− 6 and MnF 2− 6 octahedrons in the (NH 4 ) 2 SiF 6 host, respectively. In Fig. 6 , the vibration frequencies of the metal complex MF 2− 6 is strongly dependent on a kind of M (Si, Ge, Sn, or Ti). On the other hand, those of the local metal complex MnF 2− 6 in the (NH 4 ) 2 MF 6 host ( Fig. 6 ) exhibit no remarkable dependence on a kind of the surrounding metal species M. This is because the Mn 4+ ion in the MnF 2− 6 octahedron feels a bond force, i.e., a spring constant, from the surrounding metal species M as it acts as a weak perturbation in the lattice dynamic process. Therefore, the vibration frequencies of the local MnF 2− 6 octahedron are not so strongly dependent on a kind of the surrounding metal species M, as has been clearly observed in Fig. 6 .
The multiple-peak structure in the PLE spectra for the Mn 4+activated fluoride phosphors have been well explained by inserting an energy of hν p,ex ∼ 65 meV into Eq. 4 ( Fig. 2b ). As evidenced from Table I , this energy corresponds to the ν 2 "gerade" frequency of the MnF 6 (MnF 2− 6 ) octahedron very well. Unfortunately, such a sharp vibronic-related PLE peak structure has been observed only in the flu- oride phosphors. Therefore, there has been no reliable hν p,ex values that can be used in the PLE analyses of the oxide, oxyfluoride, and other Mn 4+ -activated phosphors. Therefore, we used the same vibration energies of hν p,ex ∼ hν 2 ∼ 65 meV (∼ 525 cm −1 ) not only in the fluoride phosphors but also in other phosphors. This assumption can be justified from considering a simple linear chain model with a two-point basis (see Figs. 4.13 and 4.14 in Ref. 43) and the fact that the "oxygen" mass number (m O ) relative to the "manganese" mass number (m Mn ), m O /m Mn , is nearly the same as that of the "fluorine" mass number (m F ), m F /m Mn (i.e., m O /m Mn ∼ m F /m Mn ∼ 0.3). These lead to no strong dependence of ν 2 frequency among the different host materials.
In the PL spectral analysis using the Poisson statics model in Fig. 4e , we introduced a value of hν p,em ∼ 40 meV (∼ 320 cm −1 ) into Eq. 6. This value is obtained from 4, 6 I PL,i [23] where I PL,i represents the PL intensity of the Stokes ν i emission. Thus, ν p,em is regarded as the vibration frequency averaged with the ν i -mode PL intensities of the octahedral Mn 4+ ions. Calculation of Eq. 23 promised obtaining a value of hν p,em ∼ 35−45 meV for almost all the Mn 4+ -activated phosphors and a value of ∼ 40 meV for K 2 SiF 6 :Mn 4+ from the PL spectrum given in Fig. 5a . For simplicity, we used a constant value of hν p,em ∼ 40 meV in the PL spectral analysis of type O-B phosphors (see Fig. 17 below).
Room-Temperature PL Spectral Feature
Fluoride phosphors.-The difference in the room-temperature PL spectral feature of types F1 and F2 subgroup phosphors comes whether the ZPL emission peak can be clearly observed (type F1) or not (type F2). Table II summarizes the crystal structure and several important phosphor parameters of the Mn 4+ -activated fluoride phosphors with types F1 and F2. Table III also summarizes the representative examples of type F1 and F2 phosphors belonging to the different crystal symmetry and chemical formula with the different crystal class and space group.
The ZPL emission intensity is sensitively dependent on the local symmetry of the environment of the Mn 4+ ions in the host crystal. Similarly, the piezoelectric and optical rotation activities in the crystal are strongly dependent on the local symmetry of the host ions. In our earlier work on some Mn 4+ -activated hexafluorometallate phosphors, 44 therefore, we considered that any piezoelectric or strainrelated effect, such as a longitudinal electric field induced by piezoelectrically active phonons and/or q-dependent Fröhlich interaction, may activate the ZPL emission in phosphors of low crystal symmetry.
Further work, 45 however, confirmed that the ZPL emission peak can be clearly observed at room temperature, regardless of whether the host crystal is in a symmetry of the piezoelectrically active or not. A good example is the phosphor crystallizing in the cubic symmetry. In Table III , (NH 4 ) 3 AlF 6 :Mn 4+ crystallizes in the piezoelectrically active space group of cubic F 43m, but shows no strong ZPL emission at room temperature; conversely, K 3 ZrF 7 :Mn 4+ crystallizes in the piezoelectrically inactive space group of cubic F m3m, but shows relatively strong ZPL emission at room temperature. Moreover, K 2 NaAlF 6 :Mn 4+ and K 2 SiF 6 :Mn 4+ crystallize in the piezoelectrically active space group of cubic F m3m, but the former (latter) shows relatively strong (not strong) ZPL emission. Thus, it is evident that strong correlation cannot be found between the ZPL emission intensity and crystal symmetry of the host lattice whether it is piezoelectrically and optical rotation active or not. Briefly summarizing Table III , we can say that the fluoride phosphors in the hexagonal, orthorhombic, and monoclinic structures promise to give the relatively strong ZPL emission at room temperature (type F2); however, those in the cubic, trigonal, and tetragonal structures show in any case no or, more rigorously saying, negligibly small ZPL emission intensity (type F1). 
Table IIa. Summary of crystal class (CC), space group (SG), phosphor type (F1 or F2), ZPL emission energy [ 2 E g = E( 2 E g ) ZPL ], ZPL excitation absorption energies [ 4 T 2g = E( 4 T 2g ) ZPL ; 4 T 1g,a = E( 4 T 1g,a ) ZPL ], crystal-field parameter (Dq), and Racah parameters (B and C) at 300 K for some

System
Formula Fluoride host CC SG Phosphors of the different crystal symmetry give rise to different XRD patterns. Figure 7 shows the XRD patterns, together with roomtemperature PL spectra, of some fluoride phosphors of type F1. 8, [46] [47] [48] [49] [50] [51] [52] [53] All the phosphors in Fig. 7 are taken from a list in Table III . The cryogenic PL spectrum, if it is available, is also shown in the lower part of each room-temperature PL spectrum of Fig. 7 . As easily expected, any strong PL intensity was not observed in the anti-Stokes spectrum region of the cryogenic PL spectra. Similarly, no clear ZPL emission peak can be found in these cryogenic PL spectra. A unique PL spectral feature observed in (NH 4 ) 3 AlF 6 :Mn 4+ (Fig. 7b ) is that each phonon-activated emission peak (ν i ) shows a very broad spectral width and, as a result, it is observed as a single, broad band in the Stokes and anti-Stokes spectral regions of the ZPL emission. No such broad emission band has been observed in hexafluoroammonium salt phosphors of a form of (NH 4 ) 2 MF 6 :Mn 4+ with M = Si, Ge, Sn, and Ti. 42 Unfortunately, the cause of such spectral differences between the tri-and hexafluoroammonium salt phosphors cannot be completely understood at present.
The same figures as in Fig. 7 , but those for phosphors of type F2 are shown in Figs. 8-10. 20,54-76 The cryogenic PL spectrum, if it is available, has also been plotted in the lower part of each roomtemperature PL spectrum. In Fig. 9 , that the peak energy of the ZPL emission at 300 K is observed at slightly longer wavelength than that at cryogenic temperature. Similarly, the spectral linewidth ν em (T) of each PL peak in the Mn 4+ -activated fluoride phosphors was observed to increase with increasing T, given by
where α BE represents the electron−phonon interaction strength and θ B describes the mean frequency of the phonons involved. 8 Figure 11 shows the results of ν em (T) obtained from the PL spectra of Na 2 TiF 6 :Mn 4+ . 50 The solid line represents the result calculated using Eq. 24 with ν 0 = 1.2 meV, α BE = 3.1 meV, and θ D = 220 K. For comparison, the Raman linewidth ( ν R ) vs T data for GaAs reported by Chang et al. 77 are also plotted in Fig. 11 . In principle, θ D is related to the Debye temperature. Equation 24 promises that ν em (T) is relatively invariant against T at low temperatures and almost linearly increases with increasing T at > 50 K. In K 2 SiF 6 :Mn 4+ , 8 ν em was observed to be relatively invariant among the different local vibronic modes, ∼3 meV, at T ∼ 20 K and ∼ 6−7 meV at 300 K. Note that in semiconductor optics, the temperature-independent linewidth part ν em (0) = ν 0 + α BE is sensitive to crystalline quality mainly defined by the concentrations of foreign atoms and/or native lattice defects. 78 In the present intra-dshell luminescence case, it is understood to be sensitive not only to the lattice defects but also to a delicate position or a site of the activator ions in the host lattice. As a result, an extremely broad emission band rather than a series of the sharp emission peaks can be observed in some Mn 4+ -activated fluoride phosphors (see, e.g., Figs. 7b, 8a, 9i, 10c, and 10e).
In Figs. 8-10, some phosphors, especially LiSrGaF 6 :Mn 4+ (Fig. 8a) , Na 3 AlF 6 :Mn 4+ (Fig. 8d ), KNaNbF 7 :Mn 4+ (Fig. 10b ), Na 3 TaF 8 :Mn 4+ (Fig. 10c ), and Ba 2 ZrF 8 :Mn 4+ (Fig. 10e ), gave considerably strong ZPL emission intensities compared to their Stokes and anti-Stokes counterpart components. This unique PL spectral feature may be advantageous for use in an efficient warm w-LED device fabrication. Figure 12 represents the plots of the ZPL emission energy vs crystal-field (Dq) and Racah parameters (B and C) for the Mn 4+activated fluoride phosphors. All these parameters are calculated using Eq. 15 for Dq, Eq. 11 for B, and Eq. 12 for C and are listed in Table II. Note that E( 4 T 1g,a ) ZPL,m given by Eq. 22, instead of E( 4 T 1g,a ) ZPL , was used in the B and C calculations. The apparent Racah parameters in a complex must be always less than the free ion values because the electrons on the metal can be delocalized into molecular orbitals covering both the met al. As a consequence of this delocalization or cloud expanding, the average inter-electronic repulsion should be reduced. 
Table IIb. Summary of crystal class (CC), space group (SG), phosphor type (F1 or F2), ZPL emission energy [ 2 E g = E( 2 E g ) ZPL ], ZPL excitation absorption energies [ 4 T 2g = E( 4 T 2g ) ZPL ; 4 T 1g,a = E( 4 T 1g,a ) ZPL ], crystal-field parameter (Dq), and Racah parameters (B and C) at 300 K for some
System
Formula Fluoride host CC SG The Racah parameters of the free Mn 4+ ion are B 0 = 1160 cm −1 and C 0 = 4303 cm −1 . 79 Unfortunately, our obtained C values for some phosphors, Cs 2 KAlF 6 :Mn 4+ , 80 Cs 2 MnF 6 (T = 77 K), 81 and K 3 SiF 7 :Mn 4+ , 51 are larger than the free ion value (Table II) . One reason for these large C values may come from insufficient correction of the E( 4 T 1g,a ) transition energy caused by the modification of neighboring A 2g → 2 T 2g and 4 A 2g → 4 T 1g,b /CTB) transitions via correction factor of m in Eq. 22. Indeed, an extremely large A 2g → 2 T 2g excitation component has been observed in the PLE spectrum of K 3 SiF 7 :Mn 4+ on the higher energy side of the A 2g → 4 T 2g excitation transition band (see Fig. S24 in Ref. 1). In Fig. 12 , the ZPL emission energy ( 2 E g ) shows no strong dependence on Dq, B, or C and falls in the range of 2 E g = 1.996 ± 0.020 eV. All these oxide phosphors are summarized in Table IV . Among these phosphors, type O-A has been most popularly obtained from various 
Formula Fluoride host CC SG 
) unless CC License in place (see abstract). ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 60.112.8. 70 Downloaded on 2019-08-16 to IP Figure 7 . XRD patterns and PL spectra measured at 300 K of some fluoride phosphors of type F1. 8, [46] [47] [48] [49] [50] [51] [52] [53] If cryogenic-temperature PL spectrum is available, its spectrum is also plotted in the lower part of each figure. The crystal class of each host material is given in the parenthesis following after the phosphor name (Table III) 13 and 14. 29,82-94 In Fig. 13 , the ZPL emission energy can be estimated to locate in the middle between the strongest Stokes and next-strongest anti-Stokes broad emission bands. This is a simple method to reasonably estimate the ZPL emission energy in such type O-A1 phosphors only from room-temperature PL spectrum. On the other hand, the ZPL emission energy in type O-A2 phosphors can be more exactly determined from PL spectrum measured even at room temperature. This is because of the direct ZPL emission peak observation caused by its relatively sharp and strong peak nature even at room temperature ( Fig. 14) . Roughly speaking, the XRD patterns on the left-hand side of Fig. 14 are more complex than those in Fig. 13 . This promises an observation of the relatively strong ZPL emission in type O-A2 oxide phosphors, reflecting more complex crystallinity of this type of phosphors. Like fluoride phosphors of type F2 (Tables II and III) , all the hexagonal oxide phosphors in Fig. 14 belong to type O-A2 (i.e., relatively strong ZPL emission even at room temperature).
PL spectra of some oxide phosphors were examined at both room and cryogenic temperatures. We reproduce in Figs. 15 and 16 such room-and cryogenic-temperature PL spectra, together with the roomtemperature PLE spectra. [95] [96] [97] [98] [99] [100] [101] [102] [103] [104] [105] [106] As evidenced from Fig. 15 , the lowtemperature PL spectra make possible to more exactly determine the ZPL emission energies at room temperature. Because of no strong temperature dependence of the ZPL emission energies, 8 its cryogenic value can be safely recognized to be almost the same as the room [54] [55] [56] [57] [58] [59] [60] The crystal class of each host material is given in the parenthesis following after the phosphor name (Table III) . The vertical arrow on the right-hand side of each figure shows the position of the E( 2 E g ) ZPL emission energy (ZPL). temperature value. We note, however, that the ZPL emission peak for type O-A1 phosphors in Fig. 15 is observed as a weak peak at cryogenic temperature. This is in direct contrast to the case of type O-A2 phosphors, where the strongest or strong ZPL emission peak can be usually observed regardless of temperatures low or high. As an extremely case, only one peak that is the ZPL emission peak is observed at cryogenic temperature ( Fig. 16a ). No clear difference in the PLE spectral feature has also been observed for phosphors of types O-A1 and O-A2. Almost all the PL studies on type O-B phosphors were performed from room temperature up to 500 K, but not at any temperatures lower than room temperature. [107] [108] [109] [110] These studies reported no clear change in the PL spectral feature from room temperature to 500 K and, as a result, did not enable to explicitly determine the ZPL emission energies in such phosphors. Only a study by Jin et al. 31 performed PL measurements from T = 77 to 500 K. However, any fine structure characterizing the ZPL emission transition of type O-B phosphor was not observed in the PL spectra even at 77 K. Therefore, we estimate the ZPL emission energies 2 E g for type O-B phosphors by analyzing the room-temperature PL spectra and assuming a Poisson distribution function of Eq. 6. The results of these analyses are shown in Fig. 17 . [107] [108] [109] [110] The ZPL emission energies determined from the present analyses are listed in Table IV .
Type O-C phosphors.-The PL spectral feature of type O-C phosphors is clearly different from the other oxide phosphors in sense of exhibiting a multiple-peak structure. No any PL measurement at a cryogenic temperature has been performed on type O-C phos- Table IVa 
. Summary of phosphor type (O-A, O-B, or O-C), ZPL emission energy [ 2 E g = E( 2 E g ) ZPL ], ZPL excitation absorption energies [ 4 T 2g
= E( 4 T 2g ) ZPL ; 4 T 1g,a = E( 4 T 1g,a ) ZPL ], crystal-field parameter (Dq), and Racah parameters (B and C) at 300 K for some Mn 4+ -activated oxide phosphors. Blank in a column of "Type" means no available PL spectrum at 300 K. The Racah parameters were calculated using Eqs. 11 and 12 with introducing m = 0 into Eqs. 22. (1 eV = 8068 cm −1 ). phors until recently. These facts make impossible to identify which peak comes from the ZPL emission peak, but not from its satellite peaks. 2, [111] [112] [113] [114] [115] [116] [117] [118] However, Qin et al. 38 recently measured the PL spectra of La 2 LiNbO 6 :Mn 4+ from cryogenic temperature (T = 10 K) up to 473 K. It is known that a low-temperature PL spectrum usually shows only a sharp peak caused by the ZPL transition together with its Stokes counterpart peaks (see, e.g., Figs. 15 and 16 ). Thus, the highest emission peak in such PL spectrum should be rightly assigned as a ZPL transition peak. In fact, the 10-K PL spectrum measured by Qin et al. 38 revealed a clear "ZPL" emission peak at 1.783 eV (Fig. 18i ). The 10and 300-K PL spectra in Fig. 18i 35 :Mn 4+ at temperatures from cryogenic (T = 80 K) to 580 K and observed a sharp peak at 1.792 eV as an abrupt tail-end peak in the T = 80 K PL spectrum. This abrupt tail-end peak can also be concluded to originate from the ZPL emission Introducing such numeric phosphor parameters into Eqs. 11 and 12, the Racah parameters B and C for the Mn 4+ -activated oxide phosphors can be successfully obtained. All these Mn 4+ -activated oxide phosphor parameters are listed in Table IV . Figure 12a plots the E( 2 E g ) ZPL vs Dq values observed at room temperature for the Mn 4+ -activated oxide phosphors of types O-A, O-B, and O-C (solid circles). The solid line in Fig. 12a represents the relation obtained by performing the least-squares fit, written as
Oxide host
Similarly, the E( 2 E g ) ZPL vs B and C plots for the oxide phosphors are shown in Figs. 12b and 12c , respectively. The least-squares fits gave the following linear relations:
E ( 2 E g ) ZPL = 6.87 × 10 −5 C + 1.597 eV [27] It is noted that Mg 4 Al 14 O 25 :Mn 4+ exhibited considerably narrower A 2g → 4 T 2g excitation band in its PLE spectrum than other oxide phosphors, and promised that this phosphor has considerably larger C value than the free ion value (Table IV) . 119 Oxyfluoride and some fluorine compound phosphors.-The phosphor properties of Mn 4+ -activated oxyfluorides can be classified into two subgroups, namely, OF-A and OF-B. Type OF-A shows the spectroscopic phosphor properties akin to the fluoride phosphors and type OF-B akin to the oxide ones. Table V summarizes the Mn 4+activated oxyfluoride phosphors and their important phosphor parameters, together with those for the fluorine compound phosphors, BaNb(OH) 1.5 F 5.5 :Mn 4+ (type HF) and NaHF 2 :Mn 4+ (type AB). Figure 19 shows the E( 2 E g ) ZPL vs Dq, B, and C plots at 300 K for the oxyfluoride and fluorine compound phosphors listed in Table V . Because the PL spectral features of BaNb(OH) 1.5 F 5.5 :Mn 4+ and NaHF 2 :Mn 4+ are very similar to that of type OF-A (or type F2), they are regarded as "type OF-A" in the plots of Fig. 19 . The heavy and light solid lines in Fig. 19 represent tendencies of the fluoride and oxide phosphors observed in Fig. 12 , respectively. As expected, the experimental data of type OF-A oxyfluoride phosphors in Fig. 19 can be well explained by the heavy solid lines ("fluoride" phosphors). Similarly, those of type OF-B oxyfluoride phosphors, though the experimental data are largely scatted, follow the "oxide" phosphor tendency reasonably well. 
Nephelauxetic parameter and ZPL emission
Oxide host
Type phors. Here, β 1 can be defined by
In Eq. 28, (B 0 , C 0 ) and (B, C) represent the Racah parameter pairs for Mn 4+ ions in free (B 0 = 1160 cm −1 , C 0 = 4303 cm −1 ; Ref. 79 ) and in a host material, respectively. Figure 20 shows the E( 2 E g ) ZPL vs β 1 relation for the Mn 4+ -activated fluoride, oxide, and oxyfluoride phosphors. The β 1 values were calculated using Eq. 28 with (B, C) listed in Tables II, IV, and V. It is found that each E( 2 E g ) ZPL value follows the linear relation with β 1 reasonably well, given by E ( 2 E g ) ZPL = 1.900β i + 0.020 eV [29] Equation 29 can, therefore, be used to predict an energy of the red emission or to check a validity of the experimentally determined Racah parameters for various kinds of Mn 4+ -activated phosphors.
What we can notice in Fig. 20 is that the emitting 2 E g levels in the fluorides are higher than those in the oxides, which indi-cates a weaker nephelauxetic effect in the former phosphors, which are mostly ionic compounds if compared to the covalent oxides. 23 Brik et al. 23 also suggested that even if one considers only the oxides or only the fluorides, the degree in the Racah parameter change is different for the different representatives of the oxide or fluoride hosts. Such differences in the Racah parameters indicate that not only the nature of the ligands, but also the structural parameters, such as different interionic distances and angles between chemical bonds, may be an important factor in determining the nephelauxetic effect and, as a result, in the 2 E g level of various phosphor materials. Further, the degree in the spectral linewidth of each emission peak should be influenced by such structural parameters in conjunction with a subtle location of the MnF 2− 6 or MnO 8− 6 octahedron in the host materials.
Effects of Temperature on PL Spectral Feature
PL spectra.-Fluoride phosphors.-As expected from Eq. 7, the PL intensity is strongly dependent on the lattice temperature T. We 
Oxide host
Type show in Fig. 21a the PL spectra at T = 20−300 K for K 2 SiF 6 :Mn 4+ phosphor (type F1). 8 The corresponding anti-Stokes (a-S) /Stokes (S) intensity ratios, I a-S /I S , are plotted in Fig. 21b . In Fig. 21a 
Type The Stokes and anti-Stokes intensities I S and I a-S are given by Eq. 7. The ratio between I a-S and I S can then be written as
The solid lines in Fig. 21b show the results calculated using Eq. 30.
Our measured anti-Stokes/Stokes ratios I a-S /I S are understood to be reasonably well explained by the Maxwell-Boltzmann statistics of Eq. 8. Figure 22a shows the temperature dependences of the PL intensities of I S and I a-S , together with that of the ZPL emission intensity I ZPL in Rb 2 GeF 6 :Mn 4+ phosphor (type F2). 122 Each emission component was obtained by integrating PL spectral peak. The inset shows the PL spectrum at T = 300 K. As expected, no strong temperature dependence was observed on the I ZPL intensity below about 450 K. The gradual decreases in the I S , I a-S , and I ZPL intensities vs T plots at T ≥ 450 K come from the well-known thermal quenching phenomena (Eq. 10). The dashed lines in Fig. 22a represent the normalized luminescence intensities of the theoretically obtained Stokes and anti-Stokes components (see Eq. 7) that can be calculated from I S,a-S (T ) = n j (T ) + 1 2 ± 1 2 = n j (T ) + 1 (I S ) n j (T ) (I a-S ) [31] with inputting hν (hν j ) = 31 meV, where ν is the appropriately weightaveraged vibration frequency used in Eq. 9. The theoretical emission intensities calculated using Eq. 31 reasonably well explain the experimental PL intensity dependence on T. However, there is a clear disagreement between the experimental data (open circles) and theoretical The solid lines in Fig. 22a show the results calculated using Eq. 32 with hν = 38 meV and α = 5.0 × 10 −4 K −1 . An addition of the αT term to our model greatly improves the fit between the theoretical and experimental PL intensity data. Note that the acoustic phonon-related luminescence peaks are usually observed in PL spectra of various fluoride phosphors (see Refs. 8 and 124). All the calculated curves in Fig. 22a were taken into consideration the thermal quenching energy of E q = 0.80 eV (see Eq. 10).
The same as Fig. 22a , but those for BaTiF 6 :Mn 4+ phosphor (type F1) 125 are shown in Fig. 22b . Because BaTiF 6 :Mn 4+ is of type F1, the ZPL emission peak was observed only in the limited temperature range (T ≤ 270 K). The solid and dashed lines are calculated with hν = 43 meV, α = 4.0 × 10 −4 K −1 (solid lines), and α = 0 K −1 (dashed lines), together with considering the thermal quenching energy of E q = 0.80 eV. Considering the additional acoustic phonon term (αT) and thermal quenching effect (E q ), we obtain good agreement between the theoretical and experimental temperature dependences of the Stokes and anti-Stokes PL data in the Mn 4+ -activated fluoride phosphors over the entire temperature range from cryogenic to higher temperatures than 300 K. Fig. 23a the normalized PL intensities of I S and I a-S vs T data, together with that of the ZPL emission intensity (I ZPL ) for SrLaAlO 4 :Mn 4+ phosphor (type O-A2). 126 The inset shows the PL spectrum at T = 300 K. The PL spectrum at 450 K is strongly thermally quenched. This phenomenon can be well explained by considering the thermal quenching energy of E q = 0.55 eV in Eq. 10. The solid and dashed lines are calculated with hν = 55 meV, α = 1.0 × 10 −4 K −1 (solid lines), and α = 0 K −1 (dashed lines). By ) unless CC License in place (see abstract). ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 60.112.8. 70 Downloaded on 2019-08-16 to IP
Oxide phosphors.-We show in
Table IVe. Summary of phosphor type (O-A, O-B, or O-C), ZPL emission energy [ 2 E g = E( 2 E g ) ZPL ], ZPL excitation absorption energies [ 4 T 2g = E( 4 T 2g ) ZPL ; 4 T 1g,a = E( 4 T 1g,a ) ZPL ], crystal-field parameter (Dq), and Racah parameters (B and C) at 300 K for some Mn 4+ -activated oxide phosphors. Blank in a column of "
Type" means no available PL spectrum at 300 K. The Racah parameters were calculated using Eqs. 11 and 12 with introducing m = 0 into Eqs. 22. (1 eV = 8068 cm −1 ).
Oxide host
Type 2 E g (eV) 4 T 2g (eV) 4 T 1g,a (eV) taking into consideration the acoustic phonon term (αT), an agreement between the theory and experiment becomes excellent over the entire temperature range from T = 30 to 480 K. The same as Fig. 23a , but those for YAlO 3 :Mn 4+ oxide phosphor (type O-A1) 127 are shown in Fig. 23b . The PL spectra were examined from T = 10 to 440 K. The fit-determined parameters are E q1 = 25 meV, E q2 = 0.70 eV, hν = 25 meV, α = 1.0 × 10 −4 K −1 (solid lines), and α = 0 K −1 (dashed lines). As in the case of the fluoride phosphors, we obtain good agreement between the theoretical and experimental PL data in the Mn 4+ -activated oxide phosphors from cryogenic to higher temperatures than 300 K.
Oxyfluoride phosphors.- Figure 24a shows the normalized PL intensities of I S and I a-S vs T data in Cs 2 WO 2 F 4 :Mn 4+ phosphor (type OF-A1). 33 The inset shows the PL spectrum at T = 300 K. Because of type OF-A1, no strong ZPL emission peak was observed for this phosphor even at 10 K. Beyond about 300 K, both the Stokes and anti-Stokes PL intensities decrease with increasing T. The solid and dashed Table IVf 
. Summary of phosphor type (O-A, O-B, or O-C), ZPL emission energy [ 2 E g = E( 2 E g ) ZPL ], ZPL excitation absorption energies [ 4 T 2g = E( 4 T 2g ) ZPL ; 4 T 1g,a = E( 4 T 1g,a ) ZPL ], crystal-field parameter (Dq), and Racah parameters (B and C) at 300 K for some Mn 4+ -activated oxide phosphors. Blank in a column of "
Oxide host
Type 2 E g (eV) 4 T 2g (eV) 4 T 1g,a (eV) lines in Fig. 24a are calculated with hν = 20 meV, α = 3.0 × 10 −4 K −1 (solid lines), and α = 0 K −1 (dashed lines). The thermally quenched PL intensities are well explained by considering E q1 = 20 meV and E q2 = 0.58 eV in Eq. 10.
The same as Fig. 24a , but those for MFG:Mn 4+ phosphor (type OF-B) 35 are shown in Fig. 24b . The PL spectra were measured from T = 10 to 720 K. The theoretical curves are calculated with hν = 80 meV, α = 3.0 × 10 −4 K −1 (solid lines), and α = 0 K −1 (dashed lines). The thermal quenching energies are determined to be E q1 = 55 meV and E q2 = 0.75 eV. As in the fluoride and oxide phosphors ( Figs. 22 and 23) , we obtain good agreement between the theoretical and experimental I S (T) and I a-S (T) curves in the oxyfluoride phosphors with considering the acoustic phonon and thermal quenching terms in our calculation model over the wide temperature range from cryogenic to higher temperatures than 300 K. The overall luminescence intensity vs T data for the Mn 4+activated fluoride, oxide, and oxyfluoride phosphors will be presented in the next section.
PL decay characteristics.-Fluoride phosphors.-Figure 25a
shows our measured room-temperature PL decay curves for the Ce 3+ emission in (Ce 3+ , Mn 2+ )-codoped CaCO 3 phosphor 128 and that in KCl:Ce 3+ phosphor. 129 Figure 25b also shows the room-temperature PL decay curves for the Mn 2+ emission in (Ce 3+ , Mn 2+ )-codoped CaCO 3 phosphor 128 and that for the Mn 4+ emission in BaSiF 6 :Mn 4+ phosphor. 52 It should be noted that the 5d 1 → 4f 1 transitions in Ce 3+ are dipole allowed, whereas the intra-d-shell transitions in Mn 2+ and The crystal class of each host material is given in the parenthesis following after the phosphor name (Table III) . The vertical arrow on the right-hand side of each figure shows the position of the E( 2 E g ) ZPL emission energy (ZPL).
Oxyfluoride host
Mn 4+ are dipole forbidden. It is easy to expect a quick response of the core electrons in the allowed transitions, but not in the forbidden ones. As a result, the Ce 3+ emission can be observed in a time scale of very fast, i.e., in the nanoseconds region, which is in direct contrast to the dipole-forbidden Mn 2+ and Mn 4+ transitions in a very slow time scale, i.e., in the milliseconds region in Fig. 25b .
The PL decay curve sometimes shows a non-exponential decay characteristic, which can be fitted to the following multipleexponential expression:
with a i = 1.0. The fit-determined decay parameters for the Ce 3+ emission in CaCO 3 :Ce 3+ , Mn 2+ in Fig. 25a are a 1 = 0.84, τ 1 = 1.8 ns, a 2 = 0.16, and τ 2 = 20 ns (i = 1, 2), while those for the Mn 2+ emission in Fig. 25b are a 1 = 0.80, τ 1 = 5.0 ms, a 2 = 0.20, and τ 2 = 28 ms (i = 1, 2). The average decay time τ av exhibiting such a multiple-exponential decay behavior can be defined by
The corresponding τ av values for the Ce 3+ and Mn 2+ emissions in CaCO 3 :Ce 3+ , Mn 2+ (Fig. 25 ) are, respectively, τ av ∼ 14 ns and ∼18 ms. Note that the Ce 3+ emission in KCl:Ce 3+ and the Mn 4+ emission in BaSiF 6 :Mn 4+ can be reasonably well fitted with the single- Figure 10 . XRD patterns and PL spectra measured at 300 K of some fluoride phosphors of type F2 (I x −V y −F x+5y , II x −III y −F 2x+3y , and II x −IV y −F 2x+4y ). [72] [73] [74] [75] [76] The crystal class of each host material is given in the parenthesis following after the phosphor name (Table III) . The vertical arrow on the right-hand side of each figure shows the position of the E( 2 E g ) ZPL emission energy (ZPL). exponential function by inputting a 1 = 1.0, τ 1 = 20 ns (Ce 3+ emission) and a 1 = 1.0, τ 1 = 6.5 ms (Mn 4+ emission) into Eq. 33 (i = 1 only). Figure 26a shows the temperature evolution of the integrated PL intensity (I PL ) in K 2 SiF 6 :Mn 4+ phosphor from T = 20 to 450 K. 20 The PL decay time τ vs T data for the same phosphor is also shown in Fig. 26b . 20 The solid line in Fig. 26a represents the theoretical I PL vs T curve calculated using a modified version of Eq. 10 with considering the αT term in Eq. 32
The fit-determined parameters are I 0 = 1.0, a 1 = 2.5 × 10 −1 , E q1 = 25 meV, a 2 = 5.0 × 10 5 , E q2 = 0.45 eV, hν = 65 meV, and α = 2.0 × 10 −4 K −1 . The solid line in Fig. 26b shows the decay time τ vs T curve calculated using Equation 36 assumes that the PL decay process is caused only by the thermal quenching mechanism. The fit-determined parameters in Fig. 26b are τ 0 = 15.5 ms, b 1 = 2.5, E q1 = 25 meV, b 2 = 1.0 × 10 7 , and E q2 = 0.45 eV. The dashed line in Fig. 26b also shows the result calculated using Eq. 36 with b 1 = 0, i.e., neglecting the i = 1 term. The thermal quenching energies for I PL (T) are the same as those for τ(T), promising that both I PL (T) and τ(T) are influenced by the same thermal quenching process in the intra-d-shell (Mn 4+ ) transitions. The dependence of decay lifetime τ on T can be well fitted using Eq. 36. The 2 E g → 4 A 2g luminescence decay formula for Mn 4+ can be theoretically written as 130 1
where τ E and τ T represent the radiative lifetimes of 2 E g and 4 T 2g states, respectively. τ E is long in comparison to τ T because the doubletquartet transition is spin-forbidden. E is the difference in energy between the 4 T 2g and 2 E g excited states. From Eq. 37, we obtain
Comparing Eq. 36 with Eq. 38, we obtain τ 0 = τ E , b 2 = τ E /τ T , and E q2 = E with b 1 = 0. From Fig. 26b , we obtain E ∼ 0.45 eV. This value is in exact agreement with that determined in Fig. 26a (E q2 = 0.45 eV). Figure 14 . XRD patterns and PL spectra measured at 300 K of some oxide phosphors of type O-A2. [88] [89] [90] [91] [92] [93] [94] The crystal class of each host material is given in the parenthesis following after the phosphor name. The vertical arrow on the right-hand side of each figure shows the position of the E( 2 E g ) ZPL emission energy (ZPL). Some important parameters of these phosphors are listed in Table IV . Figure 15 . Room-and cryogenic-temperature PL spectra, together with the room-temperature PLE spectra, of some oxide phosphors of type O-A1. [95] [96] [97] [98] The vertical bars in each PLE spectrum show the theoretical fits using Eq. 4. The vertical arrows in each figure also show the positions of E( 2 E g ) ZPL (PL), E( 4 T 2g ) ZPL , and E( 4 T 1g,a ) ZPL (PLE). Some important parameters of these phosphors are listed in Table IV . those for I PL (T) and τ(T). The dashed line in Fig. 27b is calculated without considering the lower quenching energy term, i.e., assuming b 1 = 0. An importance of this quenching term is evident especially at temperatures below 300 K.
The same as in Figs. 27a and The gradual decreases in τ(T) at T > 50 K are observed in Fig. 27b . However, no such gradual decrease in τ(T) near 300 K has been observed in Fig. 27d . The best-fit parameters for SrLaAlO 4 :Mn 4+ are I 0 = 1.0, a 1 = 0 (E q1 = 0 meV), a 2 = 3.0 × 10 8 , E q2 = 0.55 eV, hν = 55 meV, and α = 1.0 × 10 −4 K −1 (I PL ); τ 0 = 0.84 ms, b 1 = 0 (E q1 = 0 meV), b 2 = 2.0 × 10 7 , and E q2 = 0.55 eV (τ). An extremely large increase in I PL was also observed in YAlO 3 :Mn 4+ near 300 K (not shown). 127 This increase in I PL was successfully explained using Eq. 35 with I 0 = 1.0, a 1 = 1.0 × 10 −1 , E q1 = 25 meV, a 2 = 1.5 × 10 5 , E q2 = 0.70 eV, hν = 25 meV, and α = 1.0 × 10 −4 K −1 . The corresponding τ vs T plots were fitted very well with Eq. 36 by inputting τ 0 = 5.2 ms, b 1 = 2.0, E q1 = 25 meV, b 2 = 6.0 × 10 8 , and E q2 = 0.70 eV.
Note that τ 0 in Eq. 36 is a decay time constant disturbed only by the temperature-independent events arising, e.g., from impurity/lattice defect scattering, but not from any scattering events with lattice vibrations or phonons. Because of the relatively small value of τ 0 = 0.84 ms in SrLaAlO 4 :Mn 4+ , its PL decay process should be mainly due to lifetime broadening caused by the temperature-independent scattering events like impurity and/or lattice-defect scattering (i.e., a small energy quenching event of E q1 will be masked by a strong temperatureindependent broadening at or near 300 K). At high temperatures well above 300 K, the thermal quenching becomes dominant and promises giving a large E q2 value of ∼ 0.55 eV in Figs. 27c and 27d .
Further, we can understand that τ 0 values in the fluoride phosphors are usually larger than those in the oxide phosphors [cf. Figs. 26b and 26d (fluoride phosphors) and Figs. 27b and 27d (oxide phosphors) ]. This fact may indicate that the former phosphors have more efficient "radiative" recombination pass of Mn 4+ in the luminescence process. (Figs. 28c and 28d ).
In conclusion of this Section, Eqs. 35 and 36 are found to be good formulations for the explanations of I PL and τ vs T data over the wide temperature range from cryogenic to higher temperatures than 300 K, regardless of a kind of phosphors like fluorides, oxides, or oxyfluorides. Furthermore, there is a tendency that the PL decay times are larger in fluoride phosphors than in oxide or oxyfluoride phosphors. 25, 133, 134 In Fig. 29 , we show the hydrostatic pressure dependence of the Mn 4+ emission energy for KNaSiF 6 :Mn 4+ (type F2), 25 K 2 SiF 6 :Mn 4+ (type F1), 133 and BaTiF 6 :Mn 4+ (type F1) 134 at room temperature, together with that of the excitation absorption transitions in KNaSiF 6 :Mn 4+ . 25 The pressure derivatives of these transition energies are listed in Table VI . In contrast to the PL energies, the PLE energies in Fig. 29a exhibited a blueshift with increasing pressure p. Their pressure derivatives are much larger than those for the PL energies (Table VI) .
Effects of Pressure on PL Spectral Feature
Jin et al. 25 observed in KNaSiF 6 :Mn 4+ that increasing p resulted in a decrease of the lattice constants, i.e., a linear decrease of a and c and a quadratic decrease of b. This fact indicates that the lattice distortion is more serious at higher pressures. As a result, they observed an enhancement in the ZPL emission peak with increasing p. KNaSiF 6 :Mn 4+ is of type F2 and thus still showed relatively strong ZPL emission even at room ambient. 61 The blue shifts in the PLE energies in Fig. 29a could be explained by an increase of the crystal field strength. 25 The red shifts in the PL energies could also be ascribed to hybridization of the orbital or an energy level split due to the decrease in the lattice parameters and resultant cell volume reduction with increasing p.
Because of its highly symmetric nature, no strong ZPL emission peak was observed in K 2 SiF 6 :Mn 4+ at room ambient. 8 However, an application of the hydrostatic pressures can modify its crystal structure to a deformed one, resulting in a clear appearance of the ZPL emission peak in accord with increasing p. Lazarowska et al. 133 observed an intense ZPL emission peak even after decompressing the examined phosphor to ambient pressure. They attributed this phenomenon to pressure-induced change in the local structure of the MnF 2− 6 octahedron. In the case of BaTiF 6 :Mn 4+ , 134 any enhancement in the pressure-induced ZPL emission intensity has not been observed for pressures up to p ∼ 21 GPa. BaTiF 6 :Mn 4+ is of type F1 and thus did not show any strong ZPL emission peak at room ambient. 52 ) unless CC License in place (see abstract). ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 60.112.8. 70 Downloaded on 2019-08-16 to IP In Fig. 29b , the pressure derivatives of the vibronic sideband peaks are slightly larger than that of the ZPL emission peak. The tendency of increasing vibration frequencies with increasing p is in qualitative agreement with phonons in various semiconductors (see, e.g., Ref. 78 ). The pressure coefficients dE R /dp listed in Table VI are of the order of 2 meV/GPa that are roughly about three times larger than that for Cr 3+ ions, 135 where the electronic configuration of Cr 3+ is the same as that of Mn 4+ (3d 3 ).
The hydrostatic pressure dependence of the integrated PL intensity (I PL ) for BaTiF 6 :Mn 4+ has been measured by Wang et al. 134 We reproduce in Fig. 30 their measured I PL vs p data with modifying an original graph from linear to semi-log plot. The inset shows a schematic illustration of the CC model used to explain the peculiar I PL vs p data. This illustration can also be used to explain the thermal quenching Fig. 30 with E q .
When the ground-and excited-state CC curves in the inset of Fig. 30 intersect at an arbitrary configurational coordinate, an electron in the excited state can reach the crossing point in the CC curve with assistance by thermal energy of k B T and can then reach or return to the ground state nonradiatively. Therefore, the nonradiative transition probability N can be written using E q as N=N 0 exp −E q /k B T [39] where N 0 is a product of the transition probability between the ground and excited states and frequency with which the excited state reached the crossing point ( Fig. 30 ). N 0 can be regarded as a constant, since it is only weakly dependent on temperature T and may also only weakly dependent on pressure p of particular interest here. This quantity is called the frequency factor and is typically of the order of 10 13 s −1 .
Let R being the radiative or luminescence probability, the luminescence efficiency η can be written as
This expression is essentially the same as the first term on the righthand side of Eq. 35 and also that of Eq. 36. An application of p will lead to lowering or widening of the gap energy between the ground and excited states E p in Fig. 30 . Assuming lowering of the gap energy by applying p, an electron in the excited state feels a decrease in the barrier height in reaching the crossing point in the CC curve and subsequently in returning more easily to the ground state nonradiatively. As a result, luminescence recombination probability will decrease with increasing p that is essentially the same as the case of thermal quenching, where an electron overcomes the crossing point and then returns to the ground state nonradiatively with an assist of the thermal energy of k B T. Thus, we can write the pressure dependence of PL intensity I PL (p) as
where k p is in units of eV/Pa. Like in the thermal quenching with an increase of k B T, an increase of k p p reduces E pi and makes easy to return the electrons to the ground state nonradiatively, resulting in a degreased I PL at high p.
The solid lines in Fig. 30 show the results calculated using Eq. 41. The best-fit parameters are I 0 = 1.0, c 1 = 20, E p1 /k p = 70 GPa, c 2 = 5.0 × 10 3 , and E p2 /k p = 2.3 × 10 2 GPa (ν 6 ); I 0 = 0.5, c 1 = 20 , E p1 /k p = 70 GPa, c 2 = 4.0 × 10 3 , and E p2 /k p = 2.3 × 10 2 GPa (ν 4 ). An excellent agreement between the theory and experiment can be found in Fig. 30 . Pressure-induced structural phase transition.-Some crystalline substances exhibit a change in the crystal structure at high pressures, known as the pressure-induced structural phase transition. 78 Jin et al. 25 observed on KNaTiF 6 :Mn 4+ no sign of the structural phase transition up to p ∼ 31 GPa. For K 2 SiF 6 , ab initio calculations on the pressure dependence of structural properties have been performed by Brik and Srivastava. 136 They predicted no occurrence of the phase transition up to p = 20 GPa. Experimentally, Prinsloo et al. 137 reported the vibrational spectra of "hexagonal" K 2 SiF 6 in this "cubic" stable material at room ambient, but details were not reported in it. More recently, Gramaccioli and Campostrini 138 reported a new hexagonal polymorph of K 2 SiF 6 in a colorless pyramidal form as the mineral, Demartinite. Lv et al. 139 also synthesized hexagonal K 2 SiF 6 in the laboratory. However, no detailed study on the structural phase transition has been performed on K 2 SiF 6 or K 2 SiF 6 :Mn 4+ until now. No any theoretical or experimental study on the structural phase transition has also been reported on KNaSiF 6 or KNaSiF 6 :Mn 4+ until now.
Wang et al. 134 observed on BaTiF 6 :Mn 4+ the structural phase transition by means of XRD, PL, and Raman scattering measurements. The phase transition sequence was: trigonal at ambient pressure → monoclinic at 0.5 − 4.0 GPa → triclinic above 14 GPa. However, no clear change in the PL spectral feature reflecting such pressure-induced phase transition has been observed before and after transition. Discussion in the early Section promises an observation of the intense ZPL emission peak from such highly anisotropic crystals of "monoclinic" and "triclinic" (Tables II and III) ; however, no strong ZPL emission peak was observed even at high pressures p = 10.1 and 20.7 GPa. 134 Deformation potential for Mn 4+ ion states.-A deformation potential (DP) is a quantity proportional to a matrix element of an operator belonging to a crystal deformation between a final and an initial electronic state. 78 It has the units of eV or eV/Å. Studies on the pressure effects of the Mn 4+ -activated fluoride phosphors in Fig. 29 showed that the red emission energy E R ( 2 E g → 4 A 2g ) changes in an isotropic manner with respect to hydrostatic pressure p, i.e., it shows a redshift with increasing p without introducing any splitting of the red emission peaks. Therefore, we simply define DP
2m + a 0 R e xx + e yy + e zz [42] where m is the intra-d-shell electron mass giving the dispersion relation between E and k, a 0 R is the DP for the Mn 4+ red emission, and e ij is the strain tensor component (i, j = x, y, or z).
The deformation potential a 0 R can now be written, in a phenomenological form, as
B u and κ are the bulk modulus and compressibility, respectively, where the inverse of B u gives a substance's compressibility κ, which can be defined by
The pressure derivative in Eq. 43 represents the pressure-induced change in E R . Equation 43 is written in a modified form as
where dlnV = dV/V is the fractional volume change of the substance. Note that the Mn 4+ red emission under an application of hydrostatic pressure comes from the locally deformed MnF 2− 6 or MnO 8− 6 octahedron. Therefore, it is possible to regard κ as a "local" compressibility of the Mn−ligand bond instead of the "bulk" compressibility.
Unfortunately, the compressibility of KNaSiF 6 , K 2 SiF 6 , or BaTiF 6 host has not been experimentally determined until now. Therefore, we cannot determine the DPs for the Mn 4+ red emission in such fluoride phosphors using Eq. 43. Theoretically, Brik and Srivastava 136 calculated bulk modulus of K 2 SiF 6 to be B u = 16.82 GPa [generalized gradient approximation (GGA)] and 42.28 GPa [local density approximation (LDA)]. Since the LDA value is very large, comparable to that of diamond (∼ 44 GPa), 78 let us consider the GGA value of 16.82 GPa in our DP calculation for K 2 SiF 6 using Eq. 43. The calculated DP values are 0.042 eV (ZPL), 0.052 eV (ν 6 ), and 0.051 eV (ν 4 ), which are one or two orders smaller than the hydrostatic -valence-band DPs in various semiconductors. 78 Such smaller DPs of the Mn 4+ red emission energies may come from the intra-d-shell transition nature, i.e., smaller dE R /dp values, together with smaller B u value of the fluoride host material. Effects of pressure on PL decay characteristics.-The PL decay characteristics of KNaSiF 6 :Mn 4+ have been studied by Jin et al. 25 up to p ∼ 31 GPa. The observed decay curves were examined by a singleexponential function. The results of this study are shown in Fig. 31a . The decay lifetime increases almost linearly at a rate of dτ/dp ∼ 2.3 × 10 −1 ms/GPa. No clear difference in τ has also been observed between the ZPL emission peak and its vibronic sideband peaks.
The effects of pressure on the energetic structure and related luminescence properties of some ions in the 3d 3 configuration, like Cr 3+ and Mn 4+ , have been theoretically studied by some authors (see, e.g., Grinberg and Suchocki 17 and Eggert et al.). 140, 141 The dominant pressure dependence of the 3d 3 luminescence lifetime can then be formulated by [46] where E−T is the energy difference between the 4 E g ( 2 T 1g ) and 4 T 2g states (Fig. 1b) , < V ET > is the spin−orbit coupling constant that mixes the 4 E g ( 2 T 1g ) and 4 T 2g states, and A is a constant scaling factor. Increased τ with increasing p for KNaSiF 6 :Mn 4+ observed in Fig. 31a can be well explained by Eq. 46. 25 An increasing rate for KNaSiF 6 :Mn 4+ is given by dτ/dp ∼ 0.23 ms/GPa. Decreased admixture of the 4 T 2g wave function to the 2 E g wave function with the increase of p is the reason for an increase in τ of the 2 E g → 4 A 2g transitions. However, a decrease in τ with application of compressive stress p and further with decompression has also been observed in K 2 SiF 6 :Mn 4+ from τ ∼ 9 ms at room pressure to 6 ms after compression at p ∼ 6 GPa and also decompression to room ambient, in accord with an observation of the strong ZPL emission peak even after decompression to room ambient. 133 Therefore, it is evident that in the case of K 2 SiF 6 :Mn 4+ an appearance of the strong ZPL emission peak due to the 2 E g → 4 A 2g transitions can simultaneously cause the shortening of luminescence decay lifetime.
Oxide phosphors.-Pressure-induced PL spectral change.-The hydrostatic pressure effects of the red emission from Mn 4+ -activated oxide phosphors have been reported by several authors. 127, 135, 142, 143 Figure 32 shows the pressure dependence of the Mn 4+ emission energy for some oxide phosphors: (a) Gd 3 Ga 5 O 12 :Mn 4+ , 135 143 and (c) YAlO 3 :Mn 4+ . 127 The pressure derivatives of these emission energies are listed in Table VI . As in Fig. 29 , the PL peak energies decreased almost linearly with increasing p. No large difference in the pressure derivatives can be found for phosphors of the fluoride and oxide hosts (Table VI) . No drastic change in the PL spectral feature can also be found for Gd 3 Ga 5 O 12 :Mn 4+ and YAlO 3 :Mn 4+ . Note, however, that the PL spectra of Sr 4 Al 14 O 25 :Mn 4+ at high pressures become structureless, resulting in a striking similarity to those for type O-B oxide phosphors. Let us compare in Fig. 32d the PL spectra for Sr 4 Al 14 O 25 :Mn 4+ (type O-A2) measured at p = 1 atm and 27.5 GPa to that for Li 2 MgTiO 4 :Mn 4+ (type O-B) at room pressure. 108 The results in Fig. 32d suggest that the unique PL features found in type O-B phosphors (Fig. 17 ) may come from a local microscopic distortion of the MnF 2− 6 octahedron induced during synthetic processes (or, in other words, the host crystals of type O-B phosphors may be easy to contain a local microscopic distortion in their lattices during synthetic processes).
Ruby crystal (α-Al 2 O 3 :Cr 3+ ) is popularly used as an element of pressure sensor. It is interesting to note that the red emission in the Mn 4+ -activated fluoride and oxide phosphors is more sensitive to pressure than those of Cr 3+ R 1 [ 2 E g (E ) → 4 A 2g ] and R 2 [ 2 E g (2A) → 4 A 2g ] emissions in ruby, 142 suggesting superiority of the Mn 4+ -activated phosphors for use in pressure sensor applications. Details of the Cr 3+ R 1 and R 2 emission properties in an oxide crystal can be found in Ref. 144 .
Pressure-induced structural phase transition.-The pressure-induced structural phase transition on α-Al 2 O 3 has been studied theoretically by several authors. The results show that Al 2 O 3 can transform from the corundum (α) to the as-yet unobserved Rh 2 O 3 (II) structure at ∼ 78 GPa, and can further transform to Pbnm perovskite structure at 223 GPa. 145 Relative stability of six alumina polymorphs, namely, corundum, Rh 2 O 3 (II), Pbnm perovskite, R3c perovskite, A-type rareearth sesquioxide, and B-type rare-earth sesquioxide has also been discussed by first-principles study. 146 Experimentally, the XRD measurements indicate that ruby crystal of α-Al 2 O 3 :Cr 3+ transforms to the Rh 2 O 3 (II) structure when heated to temperatures exceeding ∼ 1000 K at pressures above ∼ 100 GPa, 147 in agreement with some previous theoretical predictions.
To the best of our knowledge, no detailed pressure-induced structural phase transition has been reported theoretically or experimentally on Gd 3 Ga 5 O 12 and Sr 4 Al 14 O 25 of interest in the present study (Table VI) . A phase transition in YAlO 3 from orthorhombic Pbnm (or Pnma) to tetragonal I4/mcm phase has been theoretically predicted to occur at 80 GPa. 148 The pressure dependence of the elastic constants and mechanical stability of the perovskite-type crystal YAlO 3 has also been examined by Hernańdez-Rodríguez et al., 149 showing that its phase is mechanically stable until 92 GPa. In fact, the XRD and Raman scattering results together with theoretical calculation up to 30 GPa showed no evidence of any phase transition. Calculation by the same authors further supported possible phase transition from Pnma to tetragonal I4/mcm phase in YAlO 3 above 92 GPa. 149 However, no detailed theoretical or experimental study on the effects of hydrostatic pressure for any Mn 4+ -activated oxide phosphors focused on the phase transition has been carried out until now. Deformation potential for Mn 4+ (Fig. 31a) , we can see an increase in the decay lifetime with increasing p for some oxide phosphors, Gd 3 . 31b and 31c) . Rate of the decay lifetime increase for Gd 3 Ga 5 O 12 :Mn 4+ with Mn 4+ ions occupied in the two different octahedral sites can be given by dτ/dp ∼ 0.072 and ∼ 0.060 ms/GPa and that for Sr 4 Al 14 O 25 :Mn 4+ by ∼ 0.036 ms/GPa. The increased τ with increasing p can be explained by Eq. 46. No any data on the pressure effects of the Mn 4+ -activated "oxyfluoride" phosphors has been reported until now.
Mn 4+ Concentration Dependence of PL Spectral Feature
Fluoride phosphors.-Luminescence intensity usually increases almost linearly with the increase of activator dopant concentration n. To enhance the PL intensity from a phosphor, therefore, the activator concentration in the host should be as high as possible. However, the electrons excited in the high energy states will meet various nonradiative relaxation processes. Such processes should occur more drastically if phosphors were more highly doped with the activator ions, known as the concentration quenching. As a result, the PL intensity tends to saturate and shows a decrease with the further increase of n.
The concentration quenching might be caused by an energy transfer among the activator ions with eventually transferring to quenching sites or traps. The energy transfer among the Mn 4+ ions occurs via concentration n for the Rb 2 ZrF 6 :Mn 4+ (type F1), 159 Na 3 AlF 6 :Mn 4+ (type F2), 57 and K 3 AlF 6 :Mn 4+ (type F2) fluoride phosphors at 300 K. 56 The solid line in (a) represents a tendency of the I PL vs n variation. The solid lines in (b) also show a linearly degreasing tendency of τ with increasing n. some different mechanisms, such as the exchange interaction, multipolar interaction, and radiation reabsorption. Based on the Dexter's energy transfer formula, 158 the nature of energy transfer can be understood from I n = K 1 + β(n) s/3 −1 [47] with s = 3, 6, 8, and 10 correspond to the exchange, dipole−dipole, dipole−quadrupole, and quadrupole−quadrupole interactions, respectively. In Eq. 47, I and n represent the integrated PL intensity and Mn 4+ dopant concentration, respectively. Figure 33 shows (a) the integrated PL intensity I PL and (b) PL decay time τ vs Mn 4+ concentration n for Rb 2 ZrF 6 :Mn 4+ , 159 Na 3 AlF 6 :Mn 4+ , 57 and K 3 AlF 6 :Mn 4+ . 56 The solid line in Fig. 33a represents a tendency of the I PL vs n variation. The I PL vs n data for these fluoride phosphors exhibit a maximum at n ∼ 3 mol %. The various fluoride phosphors also showed a maximum in I PL at n ∼ 1 − 5 mol %. This range of n for the fluoride phosphors is considerably larger than that of the oxide phosphors, n ∼ 0.5 − 1 mol % (see "Oxide phosphors" below). The τ vs n plots in Fig. 33b show a linearly decreasing nature of τ with increasing n (solid line), which has been observed in many phosphors.
The concentration quenching of Mn 4+ in the fluoride phosphors has been determined to be of the dipole−dipole interaction. 60, [160] [161] [162] [163] [164] However, Liu et al. 165 has recently observed the quadrupole−quadrupole quenching interaction in Na 2 TiF 6 :Mn 4+ phosphor. An energy transfer directly from Mn 4+ ions to luminescence quenchers like crystal defects has also been reported to occur as the main concentration quenching mechanism in some fluoride phosphors like K 2 TiF 6 :Mn 4+ (Ref. 131) and CsNaGeF 6 :Mn 4+ (Ref. 66 ). The nonradiative recombination probability in this case increases almost linearly with increasing n, i.e., occurring among the nearest-neighbor Mn 4+ ions via the exchange interaction with s = 3 in Eq. 47.
Oxide phosphors.-The same as in Fig. 33 , but those for the oxide phosphors are shown in Fig. 34 103 The solid lines on the left-hand side of (a)-(d) represent a tendency of the I PL vs n variation. The solid lines on the right-hand side of (a)-(d) also show a linearly degreasing tendency of τ with increasing n. and (d) Gd 2 ZnTiO 6 :Mn 4+ . 103 As in Fig. 33 , the I PL vs n plots for the oxide phosphors in Fig. 34 exhibit a maximum at n ∼ 0.1 − 1 mol %. The various experimental data also suggested that the I PL peaks in the oxide phosphors occur at n ∼ 0.1 − 2 mol % and mostly fall in the range of n ∼ 0.5 − 1 mol %. These optimum n values are considerably smaller than those for the fluoride oxides, n ∼ 1 − 5 mol %, discussed in "Fluoride phosphors." As in the fluoride phosphors ( Fig. 33 ), all the τ plots in Fig. 34 show a linearly decreasing tendency with increasing n.
Although the dipole−quadrupole and exchange interactions have been reported to occur (see, e.g., Refs. 169−172), the concentration quenching mechanism in many oxide phosphors is of the dipole−dipole interaction (see, e,g., Refs. 83, 99, 103, 119, 166, 173−189) .
Oxyfluoride phosphors.-The effects of Mn 4+ concentration n on the luminesce intensity and decay lifetime have been studied on LiAl 4 O 6 F:Mn 4+ oxyfluoride phosphor. 190 The results of this study are shown in Fig. 35 . The I PL vs n plots in Fig. 35a show a maximum at n ∼ 0.2%. This optimum n value is close to the range of n ∼ 0.5 − 1 mol % for the oxide phos012phors mentioned in "Oxide phosphors" rather than that of n ∼ 1 − 5 mol % for the fluoride ones in "Fluoride Phosphors." This result can be easily understood from the fact that LiAl 4 O 6 F:Mn 4+ phosphor is of type OF-B (oxide-like phosphor) rather than of type OF-A (fluoride-like phosphor). The I PL vs n data have also been measured for Cs 2 WO 2 F 4 :Mn 4+ (type OF-A1). 33 An optimum n giving a maximum in I PL is ∼ 15 mol %, which is much larger than those typically observed in the Mn 4+ -activated fluoride phosphors, n ∼ 1 − 5 mol %.
As in Figs. 33 and 34 , the luminescence lifetime plots for LiAl 4 O 6 F:Mn 4+ obtained in Fig. 35b show that τ gradually decreases with increasing n, typically observed in many phosphors. However, the same data but for Cs 2 WO 2 F 4 :Mn 4+ showed a small, but clear peak at n ∼ 10 mol %. 33 The dependence of τ on n was also examined for Na 2 WO 2 F 4 :Mn 4+ (type OF-A2) at wavelength of self-luminescence from WO 2 group. 191 The result showed a gradual decrease of τ with increasing n. This result was used to proof an energy transfer from WO 2 group to Mn 4+ ion in the Na 2 WO 2 F 4 :Mn 4+ phosphor.
The concentration quenching of Mn 4+ in the oxyfluoride phosphors and also in a fluorine compound phosphor has been studied ) unless CC License in place (see abstract Therefore, almost all the Mn 4+ -activated phosphors considered in this review article exhibit the dipole−dipole interaction as the main concentration quenching mechanism. Na 2 TiF 6 :Mn 4+ is an exception that exhibits the quadrupole−quadrupole interaction. 165 A resonant energy transfer from [WO 2 F 4 ] 2− to Mn 4+ ion has also been observed in Cs 2 WO 2 F 4 :Mn 4+ . 33 The decay lifetime measurements of this phosphor showed that the resonant energy transfer is caused by the exchange interaction rather than any multipolar interaction like dipole−dipole or dipole−quadrupole interaction. Fig. 36 the roomtemperature PL spectra observed from (a) some Mn 4+ -activated fluoride, (b) oxide, and (c) oxyfluoride phosphors. These phosphors were selected to have the lowest and highest ZPL emission energies in each group of Tables II (fluoride), IV (oxide), and V (oxyfluoride). As understood from Fig. 36a , the ZPL wavelength range for the "fluoride" phosphors is very narrow, from ∼ 615 nm (Na 5 Zr 2 F 13 :Mn 4+ ) 71 to ∼ 625 nm (BaTiF 6 :Mn 4+ ). 125 On the other hand, the range for the "oxide" phosphors in Fig. 36b is very wide, from ∼ 640 nm (Mg 4 GeO 6 :Mn 4+ ), 193 via ∼ 675 nm (Ba 2 YNbO 6 :Mn 4+ ), 83 to ∼ 715 nm (LaAlO 3 :Mn 4+ ). 194 As expected, the range for the "oxyfluoride" phosphors falls between those for the fluoride and oxide phosphors, i.e., from ∼ 620 nm (Na 2 WO 2 F 4 :Mn 4+ ) 34 to ∼ 685 nm (Sr 2 ScO 3 F:Mn 4+ ). 195 [Very recent study on K 3 HF 2 WO 2 F 4 :Mn 4+ (Ref. 196 ) observed the ZPL emission wavelength of ∼ 618 nm, which is slightly shorter than that of Na 2 WO 2 F 4 :Mn 4+ (see Table V ).]
Displaying Device and Indoor Plant Cultivation Applications
Displaying device application.-We show in
The Mn 4+ -activated phosphors exhibit efficient red emission under blue or UV excitation. Efficient sharp red emission with internal quantum efficiencies larger than 90% have been typically observed from many fluoride phosphors (see, e.g., Ref. 197) . Such red-emitting phosphors can, therefore, be used in w-LED lamps, leading to a significant reduction in the efficacy gap between warm and cool w-LED lamps employing down-conversion red-emitting Mn 4+ -activated phosphors. Tables  II (fluoride), 71, 125 IV (oxide), 83, 193, 194 and V (oxyfluoride). 34, 195 The vertical arrows in each figure show the positions of the E( 2 E g ) ZPL emission energy (ZPL). The dashed line in (c) indicates the sensitivity of the human eye, i.e., the photopic spectral luminous efficiency (PSLE).
Because of its various applications as diverse as advertising signs, automotive headlamps, aviation lighting, camera flashes, lighted wallpaper, medical devices, room lighting, and traffic signals, a warm w-LED device becomes rapidly growing topic. Early w-LED device consists of an InGaN LED chip with blue light emission near 450 nm and a coating of yellow-emitting YAG:Ce 3+ phosphor with considerably broad emission band peaking at ∼ 580 nm (see Fig. 37b below). This type of w-LEDs suffers from a high CCT value (> 6000 K) with a low CRI (< 80). Recent advances with the use of red-emitting phosphors have yielded warm w-LEDs with CCT values ranging between 3000-4000 K and minimum CRI values of 80. If we use some Mn 4+activated "oxide" phosphors, such warm w-LEDs are still less efficient than cool w-LEDs. This is because a large portion of the red emission from the oxide phosphors occurs above 700 nm, which is beyond the sensitivity of the human eye [i.e., the photopic spectral luminous efficiency (PSLE) in Fig. 36c ]. From this view point, the Mn 4+ -activated "fluoride" phosphors are more suitable than the "oxide" phosphors for use in warm w-LED applications (cf. Figs. 36a and 36b ). Figure 37 shows some typically observed luminescence and excitation transition (PLE) spectra at 300 K: (a) electroluminescence (EL) spectrum from InGaN blue-LED device, (b) PL and PLE spectra from YAG:Ce 3+ yellow-emitting phosphor, (c) PL and PLE spectra from Rb 2 SiF 6 :Mn 4+ red-emitting phosphor, (Ref. 197 ) and (d) EL spectrum from InGaN blue-LED device coated with yellow YAG:Ce 3+ and red Rb 2 SiF 6 :Mn 4+ phosphors. It is clear that the blue EL light from InGaN blue-LED can efficiently excite Ce 3+ and Mn 4+ activator ions, resulting in an overlapped spectrum of the broad yellow emission band and a series of the sharp red emission lines from the Ce 3+and Mn 4+ -activated phosphors, respectively. As a consequence, it is possible to obtain a warm w-LED device with greatly improved CCT and CRI values. Indoor plant cultivation application.-There have been growing interest in use of a blue-emitting InGaN LED combined with a Mn 4+activated "oxide" phosphor emitting a deep red light as plant photoreceptor. A blue light at ∼ 400-500 nm, a red light at ∼ 620-690 nm, and a deep red light at ∼ 700-740 nm are critical in the reactions of photosynthesis, phototropism, and photo-morphogenesis. Therefore, it is of great significance for fabricating suitable LED devices covering the spectral regions of blue, red, and deep red in order to offer an ideal lighting source for the plant factory and, as a result, the choice of phosphor holds the key to the success or failure of a plant factory. 117, 166, 182, [198] [199] [200] [201] [202] [203] [204] [205] [206] Figure 38a represents solar radiation spectra at both the top of the earth's atmosphere (AM0) and sea level (AM1.5). The energy flow within the sun results in a surface temperature of ∼ 5800 K, so the spectrum of the radiation from the sun is similar to that of a 5800 K blackbody with fine structures, namely, the Fraunhofer lines, due to absorption in the cool peripheral solar gas. Here, AM comes from "air mass." To a first approximation, the air mass is the secant of the solar zenith angle. Thus, AM1 indicates that the sun is directly overhead, and AM1.414 is a 45°zenith angle. As the sunlight passes through the atmosphere, some is absorbed by atomic and molecular gases, mainly O 2 and H 2 O, with specific absorption lines and bands. There is the ozone layer, O 3 , in the lower portion of the stratosphere from approximately 20 to 30 km above the earth's surface. The ozone layer absorbs ∼98% of the sun's UV radiation (200-320 nm) , which otherwise would potentially damage exposed life forms on the earth. Additional light is redistributed by Rayleigh scattering given by I R ∝ λ −4 , which is responsible for the really red sunset and atmosphere's blue color. Figures 38b and 38c show the absorption spectra of phytochrome P FR and P R , respectively. Phytochromes are known to regulate the expression of many plant genes and may control plant development primarily through its role in regulating gene expression. They regulate the photoblasty, the synthesis of chlorophyll, the elongation of seedlings, the size, shape and number, and movement of leaves, and the timing of flowering in adult plants. Therefore, phytochromes are widely expressed across many tissues and developmental stages.
The phytochromes are reversibly photochromic proteins encoded in plants by a small nuclear gene family of 3 -5 members. 207, 208 They exist as red and far-red (or deep red) absorbing forms, P R and P FR , with absorption of red light at ∼ 660 nm by P R triggering a conversion to the P FR form and absorption of far-red light at ∼ 730 nm converting P FR back to the P R form. 207 This photoconversion is mediated by the covalently-bound, linear tetrapyrrole chromophore, phytochromobilin, which is assembled in darkness to give the inactive P R form of phytochrome. Only following conversions to the active P FR form are responses such as promotion of germination and de-etiolation triggered. In addition to enabling the detection of light, the photoreversibility of phytochrome is the key to phytochrome's role in shade avoidance. Light reflected from a plant is depleted in red and blue wavelengths, but is rich in far-red light. As a consequence, the ma-jority of the phytochrome pool is converted into the inactive P R form. The loss of P FR removes an inhibitor of elongation growth and triggers shade avoidance. The degree of shading is accurately reflected by the red / far-red ratio and this in turn determines the position of the P R /P FR equilibrium and the degree of elongation. 207 In Figs. 38b and 38c , the PL spectra of some Mn 4+ -activated oxide phosphors, Ca 3 La 2 W 2 O 12 :Mn 4+ (P FR ), 166 LaAlO 3 :Mn 4+ (P FR ), 194 and Mg 14 Ge 5 O 24 :Mn 4+ (P R )], 209 are plotted along with P FR and P R . From Fig. 5 , one can understand that the maximum in the PL intensity E PL,p in many Mn 4+ -activated phosphors occurs roughly at E PL,p ∼ 2 E g − hν 4 + hν 6 2 [48] where 2 E g = E( 2 E g ) ZPL is the ZPL emission energy and hν 4 Table IV are ∼ 1.750, ∼ 1.735, and ∼ 1.924 eV, respectively. The experimental deep red and red emission spectra in Figs. 38b and 38c match very well with the absorption spectra of phytochromes P FR and P R . Therefore, the Mn 4+ -activated "oxide" phosphors are very useful for future indoor plant cultivation and vegetable factory applications. Chlorophyll has the second distinct absorption peak in the vicinity of 450 nm (blue light) other than the first peak in the vicinity of 660 nm (red light) in its light absorption spectrum. 210 They are roughly similar for different plants. Green plants can then be grown only by illuminating such blue and red monochromatic lights. Here, the blue light is indispensable to the morphologically healthy growth plant, whereas the red light contributes to the plant photosynthesis.
As shown in Fig. 38d , chlorophyll a absorbs energy from wavelengths of blue−violet light and orange−red light peaking at ∼ 660 nm and reflects green light which gives "chlorophyll" its green appearance. It is very important in the energy phase of photosynthesis because chlorophyll a molecules are needed before photosynthesis can proceed. It is the primary photosynthetic pigment. Chlorophyll b complements chlorophyll a. Adding chlorophyll b to chlorophyll a increases the light absorption by increasing the range of wavelengths and broadening the absorbed light spectrum. If there is little light available, plants produce more chlorophyll b than chlorophyll a to increase its photosynthetic ability. This is required because chlorophyll a molecules capture a limited wavelength so accessory pigments like chlorophyll b are needed to aid in the capture of a wider range of light.
The red-emitting PL spectra in Figs. 38d and It should be noted that the deep red emission color at λ > 640 nm is the spectral region possible from many "oxide" phosphors activated with Mn 4+ ions (Table IV) . The Mn 4+ -activated oxide phosphors are, therefore, suitable for use in indoor plant cultivation applications. On the other hand, almost all the Mn 4+ -activated "fluoride" phosphors emit very bright red light with wavelengths shorter than ∼ 640 nm and can, therefore, be used for a variety of solid-state lighting systems fit well to the human eye responsibility.
Conclusions
The Mn 4+ -activated phosphors have been the subject of considerable research and device development activity over the recent years. A number of important structural and luminescence properties of the Mn 4+ -activated phosphors were reviewed. Firstly, the host materials of such phosphors were roughly classified into five groups simply from a materials kind of view: (i) fluorides, (ii) oxides, (iii) oxyfluorides, (iv) hydroxy fluoride, and (v) alkali bifluoride. These five group phosphors were further classified into totally eleven subgroups from their different PL spectral features: (1) type F1, (2) type F2 (F = fluoride), (3) type O-A1, (4) type O-A2, (5) type O-B, (6) type O-C (O = oxide), (7) type OF-A1, (8) type OF-A2, (9) type OF-B (OF = oxyfluoride), (10) type HF [HF = hydroxy fluoride (BaNb(OH) 1.5 F 5.5 )], and (11) type AB [AB = alkali bifluoride (NaHF 2 )]. The ZPL emission ( 2 E g → 4 A 2g ) and absorption transition energies ( 4 T 2g → 4 A 2g , 4 T 1g,a → 4 A 2g , etc.) were determined from analyzing the PL and PLE spectra based on the Franck−Condon analysis method within the CC model for obtaining the crystal-field (Dq) and Racah parameters (B and C) of the Mn 4+ ions in the host crystals. Temperature dependences of the PL intensity and luminescence lifetime were analyzed by considering the conventional thermal quenching model with taking into account the optical and acoustic phonon contributions in the intra-d-shell transition processes. The effects of hydrostatic pressure and Mn 4+ dopant concentration on the PL properties were also discussed in detail. Finally, key properties of the Mn 4+ -activated phosphors were considered for use of such red-and deep red-emitting phosphors in future warm w-LED and plant factory applications.
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